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The dwindling fossil fuel reserves have led to rising demands for 
bioproduction of chemicals and fuels using renewable feedstock, particularly 
xylan.  However, use of this complex starting material is cost-prohibitive due 
to its hydrolysis step that often requires expensive external enzymes.  Hence, 
direct microbial utilization of xylan would be ideal to enhance the process 
economics.  In this study, a novel xylan-degrading Clostridium sp. strain BX3 
capable of generating butyric acid and reducing sugars was isolated and 
characterized.  At present, there are limited reports on the bioproduction of 
these chemicals from xylan.  Using mass spectrometric method, the bacterial 
secretome was analyzed to shed light on the metabolic mechanisms of culture 
BX3 such as substrate utilization and butyrate formation.  Fermentation 
parameters (i.e., medium pH, xylan concentration, yeast extract amendment 
and inoculum size) were examined at different levels to improve target 
product generation.  Finally, 3.0 g/L butyric acid could be achieved under 
optimized conditions, with the highest butyric acid yield without the need for 
external nitrogen sources as compared to other studies.  In addition, the 
potential of the isolate in designing an integrated system for direct conversion 
of xylan to butanol was examined in an integrated system.  In this case, an 
isolated solventogenic Clostridium sp. strain S2 was successfully coupled with 
culture BX3 to produce a butanol concentration of 0.78 g/L (culture S2 could 
not generate butanol directly from xylan).  Results from this thesis provide 
	   xii	  
foundation for employing cultures BX3 and S2 to convert complex xylan into 
value-added products through coculture-based processes.
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 Conventional fossil-based industries are often associated with 
environmental, social and health problems today.  Fossil fuels (i.e., coal, crude 
oil and natural gas) are used tremendously for the production of heat and 
power, as well as chemicals and liquid fuels.  Due to the rising concerns with 
these resources, cleaner and more sustainable alternatives have to be 
considered.  The use of plant-based biomass (particularly the non-food 
lignocellulosic materials) as substitute offers an attractive approach, since it is 
a renewable resource that absorbs carbon dioxide from the atmosphere during 
growth (combating climate change) and is available in almost all parts of the 
world (ensuring higher supply security than fossil fuels).  Furthermore, in bio-
based processes, the fermentative microorganisms employed hold great 
potential for the degradation of recalcitrant biomass materials and the 
production of fuels and chemicals.  Hence, microbial conversion of the 
inexhaustible biomaterials for the production of value-added products is 
generating public and scientific interest, which helps to reduce dependence on 
fossil energy and meet the chemical demands. 
 
 There are appreciable amounts of sugars that can be tapped from the 
underutilized lignocellulosic biomass (consisting of cellulose, hemicellulose 
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and lignin).  These biomasses are often in the form of agricultural and 
industrial byproducts, which can be converted into useful products, namely 
butyric acid and butanol.  The four-carbon carboxylic acid has many different 
uses in pharmaceutical, food and polymer industries, and is gaining interest as 
a precursor for biofuel production.  Butanol, on the other hand, is a versatile 
industrial solvent and offers great potential as an alternative fuel to gasoline.  
Though the industrial-scale production of both chemicals is still dominated by 
the chemical synthesis (using materials derived from crude oil), the 
employment of Clostridia in the more environmental-friendly bioprocesses to 
utilize the fermentable sugars and generate value-added products is gaining 
attention and popularity. 
 
1.2 Problem statement 
Xylan is the most common hemicellulose and second most abundant 
natural polysaccharide in plants.  It consists of appreciable amounts of sugars, 
which offers an attractive approach to be converted into chemicals.  The 
difficulty in converting hemicellulosic compounds efficiently and 
economically into products of interest explains the sluggish industrial adoption 
of this feedstock in bio-based processes (Aristidou, 2007).  This is due to the 
complex structure of xylan, which often requires costly external enzymes for 
its hydrolysis into fermentable sugars. 
 
Both butyric acid and butanol are used as industrial feedstock 
chemicals.  For the case of butyric acid, there is increasing attention for its 
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greener production through Clostridia fermentation strategies (Dwidar et al., 
2012).  There are several recent reports where simple sugars (Jiang et al., 
2010; Zhang et al., 2009) and/or enzyme-treated hydrolysates (Huang et al., 
2011; Zhu et al., 2002) have been used as carbon sources for bioproduction of 
butyric acid.  However, industrial implementation of such processes might not 
be economically feasible.  This is particularly so for the latter cases which 
necessitate the employment of costly external enzymes (Dwidar et al., 2012; 
Zhang et al., 2009).  Direct microbial hydrolysis and fermentation of xylan 
would thus be preferable in order to improve the process economics.  At 
present, there are limited available reports on efficient xylan utilization for 
butyric acid production by Clostridia.  Whereas for butanol, which is gaining 
popularity as a “green” transportation fuel, efforts are being channelled to 
further improve the solventogenic strains for better product tolerance and 
generation and to widen the substrate range to include more complex carbon 
sources, such as xylan. 
 
1.3 Scope of the thesis 
The aim of this study is to convert xylan into biochemicals, such as 
butyric acid and butanol, using novel fermentative microorganisms. 
 
The scope of this study is laid out in Fig. 1.1.  Following the 
aforementioned aim, suitable medium composition and enrichment method for 
obtaining mixed and pure cultures from environmental samples were first 
established.  The cultures were then screened and isolated based on their 
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xylan-degrading capability and/or product generation.  Clostridium sp. strains 
BX3 and S2 were thus obtained, which can produce butyric acid from xylan, 
and butanol from simple sugars, respectively.  To further understand the 
observations from the xylan fermentation, proteins and enzymes in the 
secretome of culture BX3 were studied using mass spectrometric methods.  In 
addition, the impact of different fermentation conditions for improved product 
formation by both cultures was investigated.  Finally, a coculture system was 
developed by coupling the xylanolytic culture BX3 with the solventogenic 
culture S2 for direct butanol production from xylan. 
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 Figure 1.1: Scope of the research work 
 





2.1 Challenges for fossil-based industries 
Conventional chemical industries have been growing rapidly since the 
1950s due to the immense reserves of fossil resources (i.e., coal, crude oil and 
natural gas), using approximately US$24 billion worth of hydrocarbon 
feedstock annually (Gavrilescu & Chisti, 2005).  At present, however, the 
limited availability and uneven distribution of those resources, coupled with 
their negative environmental impacts from both extraction and usage (e.g., air 
pollution, oil spills, release of greenhouse gases, etc.), have inevitably caused 
supply scarcity as well as escalating prices for the industry (crude oil prices 
have overreached 100 USD per barrel).  As a result, there is a dire need for the 
chemical industries to replace the non-renewable hydrocarbon-based feedstock 
to more sustainable carbohydrate-based raw materials (Cheng & Zhu, 2008). 
 
2.2 Shift towards bioprocessing 
Industrial biotechnology provides an alternative to fossil fuels with the 
use of renewable organic biomass for the production of energy, chemicals and 
materials.  A bioprocess (Fig. 2.1) typically includes feedstock pretreatment, 
enzymatic hydrolysis, fermentation and downstream product recovery; and 
adjustments would be made according to the characteristics of the actual 
substrate, organisms employed and final product(s) (Yang, 2007).  Such 
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processes help reduce the world’s dependence on non-renewable fossil fuels, 
diversify energy systems, and minimize the concomitant pollutions (Aristidou, 
2007; Gavrilescu & Chisti, 2005). 
 
Figure 2.1: A general bioprocess flowchart (Yang, 2007). 
 
Comparing to conventional chemical processes, biocatalyst-based 
processes is more environmental-friendly, and is currently employed in 
various manufacturing and waste-conversion operations.  For instance, the 
bioproduction of acrylamide (using immobilized bacterial enzyme) is deemed 
superior over the chemical synthetic process as it operates at lower 
temperatures, requires milder conditions, achieves higher single-pass 
conversion and final product concentration, produces less carbon dioxide and 
uses about 20% as much energy as the conventional process (Gavrilescu & 
Chisti, 2005). 
 
2.3 Biomass feedstock 
Bioprocessing strategies for chemicals and fuels of interest have been 
advocated in the past using plant-derived matter instead of the fossil 
hydrocarbons.  Though the raw material component constitutes ~40-80% of 
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the overall production costs (in the cases of sugarcane-, corn- and sugar beets-
based ethanol, for instance) (Chang et al., 2010), majority of these processes 
would still require subsidies in order to keep pace with the chemical processes.   
 
The main feedstocks currently used in the bioindustry include sugar-
rich (e.g., sugar beet, sugarcane, fruit juices) and starch-rich (e.g., cereal 
grains, root tubers, wheat bran) materials, since they can be easily hydrolyzed 
chemically or enzymatically to obtain the fermentable sugars.  In the USA, 
dextrose or glucose from corn is used as the starting material for fermentation, 
whereas sucrose from sugarcanes or beets is mostly used in other parts of the 
world.  However, using such materials in the bioprocess may compete with 
food and animal feed production and thus having negative impact on the 
prices.  To alleviate such constraints, microbial conversion of non-food 
feedstock such as the inexpensive lignocellulosic biomass to value-added 
products offers an attractive approach.  Unfortunately, such switch would be 
difficult and not be in the near future unless the cost of processing 
lignocellulosic biomass could be substantially reduced (Yang, 2007). 
 
2.4 Lignocellulosic biomass 
Lignocellulosic biomass is the most abundant renewable natural 
materials in existence (Table 2.1).  Due to urbanization and industrialization, 
these ever-increasing materials accumulate in the environment as wastes from 
agriculture, forest and food industries (Dhiman et al., 2008), where they are 
often being incinerated. 
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Table 2.1: Annual biomass production from agricultural and forest resources 
in the United States (including currently available and potential growth in 











Crop residues 446 Logging residues 64 
Grass and woody 
crops 





111 Fuel wood 51 
Grains to fuels 87 Mill processing 
residues 
145 





44 - - 
Total 998 Total 368 
 
The lignocellulosic materials consist of cellulose, hemicellulose and 
lignin (see Fig. 2.2) that are interlocked and chemically bonded by non-
covalent and covalent cross linkages.  Both cellulose and hemicellulose are 
polysaccharides comprising of different sugar units while lignin is a complex 
aromatic polymer made from phenylpropanoid precursors.  The composition 
of these macromolecules varies across different plant species at different 
developmental stages (Pérez et al., 2002). 
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Figure 2.2: Structure of lignocellulose (Potters et al., 2010). 
 
In order to use lignocellulosic biomass as a starting material, 
pretreatment is necessary to fractionate and release its components.  There are 
several options for pretreatment, which include: thermo-mechanical method 
(grinding, milling, shearing, extruding), autohydrolysis (steam pressure, steam 
explosion, supercritical carbon dioxide explosion), acid treatment (using 
diluted or concentrated H2SO4 or HCl), alkali treatment (using sodium 
hydroxide, ammonia, hydrogen peroxide), and organic solvents treatment 
(using methanol, ethanol, butanol, phenol) (Saha, 2003). 
 
	   11	  
2.5 Hemicellulose 
Among the different components of the lignocellulose materials, 
hemicelluloses are gaining increasing attention due to the substantial amounts 
of sugars present (as high as 40% of the biomass) (Singh & Mishra, 1995).  
Hemicelluloses are complex branched heteropolysaccharides of mixed 
pentosans (polymers of xylose, arabinose) and hexosans (polymers of 
mannose, glucose, galactose) and sugar acids (Saha, 2003).  They rank next to 
cellulose in abundance as naturally occurring compounds.  The compositions 
of hemicellulose vary depending on the plant materials (Table 2.2).  There are 
substantial amounts of pentose sugars that can be derived from hemicelluloses, 
and the conversion of these sugars into useful products presents great potential 
in the use of the renewable and inexpensive feedstock. 
 
Table 2.2: Cellulose, hemicellulose and lignin contents in common 
agricultural residues and wastes (Adapted from Kumar et al., 2009) 






Hardwood stems 40-55 24-40 18-25 
Softwood stems 45-50 25-35 25-35 
Nut shells 25-30 25-30 30-40 
Corn cobs 45 35 15 
Grasses 25-40 35-50 10-30 
Paper 85-99 0 0-15 
Wheat straw 30 50 15 
Sorted refuse 60 20 20 
Leaves 15-20 80-85 0 
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Cotton seed hairs 80-95 5-20 0 
Newspaper 40-55 25-40 18-30 
Waste papers from chemical 
pulps 
60-70 10-20 5-10 
Primary wastewater solids 8-15 - - 
Solid cattle manure 1.6-4.7 1.4-3.3 2.7-5.7 
Coastal bermuda grass 25 35.7 6.4 
Switchgrass 45 31.4 12 
Swine waste 6.0 28 na 
 
2.6 Xylan 
Xylan is the major component in hemicellulose, with composition and 
structure that differ significantly across its origins and developmental stages 
(Battan et al., 2007).  The main chain of xylan consists of endo-β-1,4-
xylopyranosyl residues (poly-xylose chains), showing varying degree of 
polymerization and side group substitution (Fig. 2.3).  For instance, the degree 
of polymerization of hardwood xylan is found to be 150-200, while that of 
softwood xylan is 70-130 (Singh et al., 2007).  Apart from the predominant 
xylose, xylan may also contain arabinose, mannose, glucose, galactose, 
anhydrouronic acid and glucuronic acid residues; though linear unsubstituted 
xylan has also been reported (Saha, 2003). 
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Figure 2.3: An example of the schematic structure of corn fiber heteroxylan 
(Saha, 2003). 
 
Xylan is mostly found in secondary cell walls of plants that links 
covalently with lignin residues and other polysaccharides, contributing to cell 
wall cohesion and structure, and protecting other components from enzymatic 
attack (Dhiman et al., 2008; Saha, 2003).  Xylan can be broken down to its 
constitutive sugars by acid or enzymatic hydrolysis.  Though the former 
process is faster, the latter offers more advantages such as higher specificity, 
minimal formation of concomitant inhibitory compounds that could interfere 
with subsequent fermentation, and no loss of substrates due to chemical 
modifications (Singh et al., 2007). 
 
2.7 Hydrolytic breakdown of xylan 
The heterogeneous nature of xylan calls for a synergistic action of 
equally diverse clusters of main- and side-chain cleaving enzymes for the 
hydrolysis.  Due to the different substituents in the backbone and side chains, 
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complete xylan breakdown requires endo-xylanase (attacks interior β-1,4-
xylose linkages of xylan backbone), exo-xylanase (hydrolyzes β-1,4-xylose 
linkages releasing xylobiose), β-xylosidase (releases xylose form xylobiose 
and short-chain xylooligosaccharides), and several auxiliary enzymes, such as 
α-arabinofuranosidase (hydrolyzes terminal non-reducing α-arabinofuranose 
from arabinoxylans), α-glucuronidase (releases glucuronic acid from 
glucuronoxylans), acetylxylan esterase (hydrolyzes acetylester bonds in acetyl 
xylans), ferulic acid esterase (breaks feruloylester bonds), and p-coumaric acid 
esterase (hydrolyzes p-coumaryl ester bonds) (Dhiman et al., 2008; Saha, 
2003). 
 
Organisms such as fungi, yeasts and certain bacteria secrete 
xylanolytic enzymes extracellularly, though there are also reports on cell wall-
bound and intracellular enzymes (Battan et al., 2007).  At present, bacterial 
xylanolytic enzymes are being studied to a lesser degree since fungi are 
reported to be more prolific in their production.  Among the bacteria, several 
anaerobes have been reported to produce such enzymes, and they include 
species of Clostridium, Thermoanaerobacter, Acetovibrio, and Bacteroides 
(Battan et al., 2007).  A thorough breakdown of xylan would involve the 
cooperative action of a number of hydrolases that could cleave both the main 
and side chains, and hence, the production of the different enzymes by many 
microorganisms would be required (Battan et al., 2007). 
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The phenomenon of multiple xylanases from single organisms has also 
been reported, where they differ in specificities and substrate binding sites.  
The multiple forms observed could be a result of differential mRNA 
processing, partial proteolysis, autoaggregation, or post-secretional 
modification such as amidation and glycosylation (Battan et al., 2007; Biely, 
1985).  These multiple xylanases could also originate from different alleles of 
the same gene or from independent genes.  In addition, the presence of 
multiple isoenzymes has been discovered, in which they possess similar 
specific catalytic function but differ in physical forms and operating properties 
such as having different optimum temperatures and pHs (Battan et al., 2007).  
Therefore, a complete xylan hydrolysis would also necessitate the combined 
effect of multiple xylanases possessing different functions and characteristics 
(Dhiman et al., 2008). 
 
2.8 Fermentation 
Fermentation has been a long-established practice, particularly in the 
productions of bread, vinegar, cheese and alcoholic beverages since ancient 
times.  The process involves a series of events where oxygen is transferred 
from one part of the sugar molecule to another, resulting in the formation of a 
highly oxidized product (e.g., carbon dioxide) and a highly reduced product 
(e.g., alcohol).  The 1870s see the development of fermentation biotechnology 
(fermentation microbiology and biotechnology) and discovery of enzyme-
catalyzed reactions.  Following the progress of metabolic and biochemical 
engineering, more research was done to unravel the mechanisms and kinetics 
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of such reactions (El-Mansi et al., 2007).  The rise of acetone-butanol-ethanol 
(ABE) fermentation was seen after the First World War, but it was short-lived 
due to the initiation of petrochemical industry (in the 1960s) where organic 
solvents were formed as by-products.  The interest for ABE fermentation was 
rekindled again in the 1970s, and more efforts were channeled to enhance the 
strains of solventogenic Clostridia, fermentation and recovery processes for 
the production of butanol (Ezeji et al., 2004).  Clostridia are Gram-positive, 
rod-shaped, spore-forming anaerobes (Lee et al., 2008), and a typical 
fermentation pathway of solventogenic Clostridium is shown in Fig. 2.4.  
Advancements in genomics, proteomics, metabolomics and bioinformatics 
will further accelerate the progress of fermentation biotechnology for various 
industrial purposes. 
 
	   17	  
 
Figure 2.4: Biochemical pathways in Clostridium acetobutylicum (Lee et al., 
2008). 
 
2.9 Consolidated bioprocess 
Consolidate bioprocess entails three main biological functions by a 
single microorganism or a consortium of microorganisms: (i) production and 
secretion of saccharolytic enzymes; (ii) hydrolysis of the complex sugars (i.e., 
cellulose and hemicellulose); and (iii) fermentation of both five- and 
six-carbon sugars into products of interest in a single reactor (Linger & 
Darzins, 2012).  The primary aim of developing consolidate bioprocessing 
systems is cost reduction.  Eliminating the separate enzyme 
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production/addition step could lower both capital and input costs.  There are 
many ongoing researches with aims to develop versatile microorganisms that 
can generate multiple hydrolytic enzymes to deconstruct both cellulose and 
hemicellulose (from the pretreated biomass), and subsequently utilize and 
convert the released pentoses and hexoses into value added products like 
ethanol and butanol.  This is typically conducted through engineering 
solventogenic strains to produce cellulases and hemicellulases, or engineering 
saccharolytic strains to be efficient solvent producers (Linger & Darzins, 
2012). 
 
2.10 Products of interest 
The bioconversion of xylan via enzymatic and fermentation processes 
has been receiving increasing attention in the research community.  The use of 
fermentative microorganisms to obtain various value-added products is ideal 
due to their wide range of metabolic networks and high metabolic turnover 
rates (El-Mansi & Ward, 2007). 
 
2.10.1 Xylanolytic enzymes 
The use of enzymes in bioprocesses is advantageous over conventional 
chemical-based processes as it is comparatively greener and safer (no harmful 
byproducts).  Apart from the generation of fermentable xylose and 
xylooligosaccharides from xylan, there are many other industrial applications 
for xylanases.  These enzymes (particularly those without cellulolytic 
properties) are mainly employed in the biobleaching of pulp in paper 
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manufacturing.  Traditionally, alkaline was used to extract the xylan from 
chemical pulps, resulting in polluting liquid wastes (rich in xylan), which 
could be channeled for better uses (Biely, 1985).  Xylanases are also used in 
the food and beverage industry, in clarifying juices, liquefying of fruits and 
vegetables, brewing, wine production, and enhancing bakery products (Biely, 
1985; Singh et al., 2007).  In addition, these enzymes are used to improve 
animal feed and boost the cleaning properties of detergents (Singh et al., 
2007). 
 
The main challenge for xylanolytic enzymes to be fully employed in 
industry is the cost of production.  In order to be more economically feasible, 
novel organisms capable of producing such enzymes need to be discovered.  
The production capabilities of current strains employed should also be 
enhanced.  On top of that, the use of inexpensive lignocellulosic biomass as 
raw materials and the development of improved enzymes with higher 
performances and versatility will further help to achieve this goal (Singh et al., 
2007). 
 
2.10.2 Reducing sugars and xylooligosaccharides 
Reducing sugars refer to carbohydrates that are capable of being 
oxidized (and thus causing other substances to be reduced).  These generally 
include free monosaccharides that possess an aldehyde group, which can be 
oxidized in a redox reaction.  Pentoses such as xylose and arabinose, and 
hexoses such as glucose, mannose and galactose are examples of such sugars, 
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which can be found in xylans.  These sugars are intermediate building blocks 
in fermentation processes for the production of various biofuels and 
chemicals.  Xylooligosaccharides, on the other hand, are short-chain polymers 
of xylose sugar (typically consisting of 2-10 units), and they have great 
potential to be incorporated into food and medical products due to their 
prebiotic properties.  These sugars are mainly obtained via thermochemical 
processes or enzymatic hydrolysis of xylan-rich lignocellulosic biomass, 
though they may be present naturally in minute amounts in plant tissues (Qing 
et al., 2013). 
 
2.10.3 Butyric acid 
Butyric acid is a four-carbon short-chain fatty acid with a market size 
of 30,000 tons/year (Yang et al., 2006), where it is largely produced through 
the oxidation of butyraldehyde (generated from propylene, derived from crude 
oil, by hydroformylation process) (Dwidar et al., 2012).  This versatile 
commodity has many applications in the industries.  Due to its anticancer 
properties, butyric acid is used in the manufacturing of pharmaceuticals in the 
treatment of colorectal cancers and hemoglobionopathies.  This acid is also 
used to synthesize and improve the properties of cellulose acetate butyrate and 
poly(3-hydroxybutyrate) plastics.  Despite its intrinsic odor, the esters of 
butyric acid are widely used as fragrants in perfumes and cosmetics, and 
flavoring agents in foodstuff and beverages (Dwidar et al., 2012; Liu et al., 
2005).  Since this acid is an ingredient for food and pharmaceuticals, 
consumers would prefer that it is produced from natural sources rather than 
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from chemical synthesis (Liu et al., 2005; Zhang et al., 2009; Zigová & 
Šturdík, 2000).  At present, there is great interest in using butyric acid as a 
precursor in biofuel production.  Biobutanol yield has been proven to improve 
by adding the acid into an acetone-butanol-ethanol fermentation process 
(Zhang et al., 2009).  The Clostridium strains currently studied for butyric acid 
production include C. butyricum, C. tyrobutyricum and C. thermobutyricum. 
(Dwidar et al., 2012; Zhang et al., 2009). 
 
2.10.4 Butanol 
Butanol, a four-carbon alcohol, is used as an industrial solvent for the 
production of paints, waxes and resins, and as a plasticizer.  This compound is 
also an ingredient for the manufacturing of other chemicals (e.g., glycol 
ethers, butyl acetate) and formulated products such as pharmaceuticals (Lee et 
al., 2008).  Recently, there is an increasing demand for the bioproduction of 
butanol, as it is regarded as a promising fuel or fuel additive.  As compared to 
a better-known biofuel (ethanol), butanol is superior due to its high-energy 
content (attributed to its three carbon-carbon bonds) and low volatility, 
hydroscopicity and corrosiveness (see Table 2.3).  This chemical is thus more 
suited to be transported in existing pipelines, and replace gasoline (having 
similar characteristics) in unmodified internal combustion engines (Dwidar et 
al., 2012; Lee et al., 2008). 
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Table 2.3: Comparison of fuel properties between gasoline, butanol and 
ethanol (Adapted from Lee et al., 2008) 
 Gasoline Butanol Ethanol 
Energy density 
(MJ/L) 
32 29.2 19.6 




0.36 0.43 0.92 
Research octane 
number 
91-99 96 129 
Motor octane 
number 
81-89 78 102 
 
To meet its demand, butanol is produced chemically through the 
hydrogenation of butyraldehyde with annual production of approximately 5-6 
million tons (Lee et al., 2008).  This chemical can also be generated by 
solventogenic Clostridium (particularly C. acetobutylicum and C. beijerinckii) 
through the ABE fermentation with a typical ratio of 3:6:1.  Its production 
involves two stages, in which acetic and butyric acids are initially formed 
from sugars (alongside hydrogen and carbon dioxide) during the acidogenic 
phase that coincides with the exponential growth of the bacteria.  After which, 
the solventogenic phase begins (concurrently with bacterial sporulation) to 
convert the accumulated acids to form acetone, butanol and ethanol (Lee et al., 
2008).  At present, there are efforts to improve butanol production through 
strains improvement, development of better fermentation systems and in situ 
removal of inhibitory fermentation products (Ezeji et al., 2004). 
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CHAPTER 3 
SCREENING FOR MICROBIAL CULTURE 




Direct microbial conversion of xylan can greatly improve process 
economics, as this would facilitate the development of bioprocess systems 
without the need for costly external enzymes.  Due to the complex structure of 
xylan, it was initially conjectured that mixed cultures would be preferable for 
thorough breakdown and utilization of this substrate.  Hence, screening for 
such cultures capable of hydrolysing xylan efficiently and subsequently 
generating value-added products from this carbon source is essential. 
 
The traditional methods for screening of microorganisms are, however, 
very labor-intensive, which involve a series of trial-and-error attempts until a 
culture of desirable characteristics is obtained.  Appropriate culture 
enrichment methods must thus be used to provide suitable environment for the 
growth of target microorganisms, and at the same time, to inhibit the 
proliferation of undesirable organisms.  The main components of the screening 
process include: determining the activity of interest; examining the nature of 
known microorganisms associated with the activity; establishing enrichment 
parameters and screening assays; choosing environmental sources for new 
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microorganisms; and setting up primary and secondary screening 
methodologies (Fig. 3.1) (Steele & Stowers, 1991). 	  
Figure 3.1: General schematic of an industrial screening program (Steele & 
Stowers, 1991). 
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In this study, xylan is used as the sole carbon source in the growth 




• Medium composition and method suitable for screening and enrichment of 
anaerobic xylanolytic bacteria were established. 
• A mixed culture AH3 capable of utilizing xylan and producing butyric 
acid (~1.5 g/L) was obtained using the established enrichment medium.  
This culture could also ferment xylose into butyric acid, with a yield 
~1.5-fold higher than previously reported strains. 
 
3.3 Materials and Methods 
3.3.1 Screening and enrichment of desired cultures 
Environmental samples (comprised mostly of soil/mud and rotting 
woody materials) were collected in BD Falcon tubes, sealed with paraffin film 
and stored in the Bactron anaerobic chamber.  These samples were inoculated 
and cultivated under anaerobic conditions in 60-mL serum bottles containing 
40 mL defined medium.  The basal defined medium composition for the 
fermentation experiments was the same as described by He et al. (2003), 
which consisted of the following (per liter): NaCl, 1.0 g; MgCl2.6H2O, 0.5 g; 
KH2PO4, 0.2 g; NH4Cl, 0.3 g; KCl, 0.3 g; CaCl2.2H2O, 0.015 g; trace element 
solution, 1 mL; Se/W solution, 1 mL; and resazurin, 0.25 mL.  The trace 
element solution contained (per liter): HCl (25% w/w solution), 10 mL; 
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FeCl2.4H2O, 1.5 g; CoCl2.6H2O, 0.19 g; MnCl2.4H2O, 0.1 g; ZnCl2, 70 mg; 
H3BO3, 6 mg; Na2MoO4.2H2O, 36 mg; NiCl2.6H2O, 24 mg; and CuCl2.2H2O, 
2 mg.  Se/W solution, on the other hand, comprised the following (per liter): 
Na2SeO3, 6 mg; Na2WO4.2H2O, 8 mg; and NaOH, 0.5 g. 
 
The medium was boiled and then cooled to room temperature under 
N2.  Inhibitor, buffering agents and reductants were added (per liter): 
2-bromoethanesulfonic acid, sodium salt (SBES), 0.0211g; 2-[[1,3-dihydroxy-
2-(hydroxymethyl)propan-2-yl]amino]ethanesulfonic acid (TES), 2.292 g; 
sodium bicarbonate, 2.52 g; sodium sulfide nonahydrate, 0.048 g; L-cysteine, 
0.0242 g; and DL-dithiothreitol, 0.0771 g; and the pH was adjusted to 6.8-7.0 
through the addition of 5 M H2SO4 or NaOH.  Fermentation medium was 
dispensed into N2-flushed serum bottles and sterilized by autoclaving.  After 
which, the medium was amended with anaerobic vitamin solution as described 
by Wolin et al. (1963), which consisted of (in milligrams per liter): biotin, 4; 
folic acid, 4; pyridoxine hydrochloride, 20; riboflavin, 10; thiamine, 10; 
nicotinic acid, 10; pantothenic acid, 10; p-aminobenzoic acid, 10; thioctic 
acid, 10; and vitamin B12, 0.02.  Xylan from beechwood (X4252; Sigma 
Aldrich); D-(+)-xylose (X1500; Sigma Aldrich); and D-(+)-glucose (G8270; 
Sigma Aldrich) (hereinafter called xylan, xylose and glucose) were used as the 
carbon sources for the experiments.  Yeast extract was used as additional 
nutrient source in selected experimental setups. 
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Cultures grown in the bottles were incubated in an orbital shaker at 
125 rpm at 37°C, with the pH maintained at 6.8-7.2 (using 5 M H2SO4 or 
NaOH) for selected setups.  A total of three subculture transfers were made to 
achieve relatively sediment-free cultures before the actual experiment is 
conducted.  Apart from the first batch, the subsequent subcultures were 
inoculated using 2% v/v of the preceding culture. 
 
3.3.2 Fermentation product analyses 
The fermentative gas generated was measured and released regularly 
using disposable syringes, and the composition of headspace gases – H2, N2, 
CH4 (if any) and CO2 – was determined with gas chromatography (7890A GC 
System; Agilent Technologies, USA) equipped with a thermal conductivity 
detector (TCD) and a PLTT-5A mol. sieve 5A PLOT column (30 mm L × 
0.53 mm I.D. × 25 µm F.T.; part number CG0-5151; Phenomenex, USA).  
Argon (8 mL/min) was used as the carrier gas during the gas analysis. 
 
Culture supernatants (after centrifuging at 14000 rpm for 15 min) were 
used for the identification and quantification of the products formed.  Five-
points calibration curves were obtained using standards comprised of volatile 
fatty acids (i.e., acetic, propionic, and butyric) and solvents (i.e., acetone, 
ethanol and butanol).  These compounds were analyzed by gas 
chromatography (Agilent 7890A GC; Agilent Technologies, USA) equipped 
with a DB-WAXetr GC column (30 m × 0.32 mm, 1.00 µm) and a flame 
ionization detector (FID).  Helium (SOXAL, Singapore) was used as the 
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carrier gas for the GC at a flow rate of 2 mL/min.  The column temperature 
was set at 60°C prior to sample injection (1 µL) for 2 min before being 
increased at a rate of 15°C/min to 240°C for 2 min. 
 
3.4 Results and Discussion 
3.4.1 Determination of complex medium components for enrichment 
The enrichment method is a reliable technique to screen for strains 
with desirable characteristics.  Often, successful screening would need a 
complete understanding of the metabolic and physiological requirements of 
the target microorganisms.  Therefore, more rigorous procedural design would 
result in more favorable outcomes by removing more undesirable 
microorganisms (Steele & Stowers, 1991). 	  
Before the basal medium as described by He et al. (2003) was used for 
the enrichment step, several preliminary medium compositions comprising of 
complex ingredients were tested for bacteria cultivation present in the 
environmental samples collected.  This was conducted to cultivate relevant 
fastidious bacteria (which have more nutritional requirements) under the 
laboratory conditions that could be present in the samples.  A semi-synthetic 
medium was initially chosen using mixtures of yeast extract, peptone and/or 
lysogeny broth with added pH buffers and reductants.  In addition, 2-
bromoethanesulfonic acid, sodium (SBES) salt was added into the medium to 
inhibit growth of methanogenic bacteria in an effort to further narrow the 
search of the desired bacteria. 
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When these complex mixtures were used in the media, the microbial 
growth from the samples collected was unsatisfactory in terms of product 
generation, though methane was not detected in the headspace of the culture 
bottles.  There were also concerns that these complex medium components 
may generate uncertainties in the experimental results, as the bacteria cultured 
would utilize the carbon sources present in those complex media rather than 
the substrate supplemented.  Therefore, after several experimental attempts, it 
was concluded that complex media mixtures were no suitable for the screening 
and enrichment, and the use of defined basal medium, as reported by He et al. 
(2003), was subsequently employed for the enrichment step. 
 
3.4.2 Testing suitable modes of sterilization for carbon sources 
Simple sugars such as glucose and xylose were made into concentrated 
sugar solution stocks, which could be added into autoclaved serum bottles via 
sterile filtration, followed by nitrogen purging.  This method, however, was 
not applicable to xylan as it does not dissolve readily in water and the 
suspension could easily clog the syringe filters.  It was initially hypothesized 
that autoclaving xylan would severely breakdown the substrate.  As a 
consequence, in the earlier experimental practices, xylan was first measured 
onto a weighing paper that will subsequently be folded to contain the powder.  
The substrate within the folded packet will then be added into serum bottles in 
the anaerobic chamber to ensure anoxic environment, followed by the addition 
of autoclaved medium and sealed with sterile stoppers.  These steps were 
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cumbersome, and sterility could not be ensured due to the presence of other 
microorganisms within the anaerobic chamber that could contaminate the 
setup.  Furthermore, hydrogen and carbon dioxide could be detected in the 
initial headspace of the sealed bottles (before inoculation), due to their 
presence in the mixed gas used for purging the anaerobic chamber.  The 
headspace composition of the xylan bottles prepared in this manner was thus 
inconsistent with the bottles prepared for simple sugars, in which only 
nitrogen was present in the headspace.  For this reason, another method of 
sterilization was tested, involving ultraviolet (UV) irradiation of the bottles 
containing xylan, but this method was deemed unfeasible due to the small 
bottle openings in which the UV rays may not fully reach the xylan powder. 
 
Autoclave sterilization was then carried out where the substrate was 
conveniently added into the serum bottles along with the medium to be 
autoclaved together.  To ensure that the autoclaving conditions did not 
significantly affect the breakdown of xylan, and in turn, indirectly enhance the 
performance of the inoculated microbial consortia; the autoclaved substrate in 
the medium (without any microbial inoculation) was assayed for reducing 
sugar content.  The results were shown to be negative, indicating no notable 
xylan degradation into reducing sugars observed.  Also, only nitrogen gas was 
detected in the initial headspace of the bottles prepared in this manner.  Hence, 
autoclaving of xylan alongside the medium as a form of substrate sterilization 
was justified. 
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3.4.3 Optimization of pH buffers 
As volatile fatty acids were being generated and accumulated in the 
fermentation broths, the pH measured for certain cultures could drop to less 
than 4.5 (with the lowest found at 3.7), before pH adjustment.  This acidic 
environment may had halted the fermentation process, and better buffering 
systems must be employed to further optimize organic acids production and 
hopefully to trigger the solventogenesis phase (if present).  On top of the two 
buffers already present in the medium, TES (0.01 M, pKa of 7.40) and sodium 
bicarbonate (0.03 M, pKa of 6.35), two additional buffers were chosen – 2-(N-
morpholino)ethanesulfonic acid (MES; 0.01 M, pKa of 6.10) and piperazine 
(0.02 M, pKa of 5.33) – to provide a stronger buffering system at the lower pH 
ranges in selected experimental setups.  Due to the complex structures and low 
concentrations used, these buffers were unlikely to contribute additional 
carbon sources to the system, which may affect the actual performances of the 
bacteria in utilizing the desired sugars.  In these four-buffer setups, the final 
pHs of the tested fermentation broths remained in the higher range of 4.9 to 
5.2, which showed the effectiveness of the stronger buffering system.  
However, the performances of those cultures were observed to be less robust 
with smaller volumes of gas production and lower concentrations of predicted 
compounds, as compared to those grown using the just the original two 
buffers.  Therefore, this four-buffer system was no longer in use in subsequent 
experiments; and periodic pH control (by adding 5M sodium hydroxide 
solution) was deemed a better alternative for all the setups. 
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Following the establishment of medium compositions and methods for 
the screening and enrichment step, the search for cultures of interest was then 
initiated. 
 
3.4.4 Obtaining butyrate-forming mixed culture AH3 
A total of ten collected environmental samples were inoculated and 
subcultured under the conditions established in the preceding Sections.  The 
aim of subculturing was to generate a reasonably sediment-free culture for 
products analyses in order to minimize interference from the soil particles 
during testing.  This step was also crucial in ensuring that the bacteria 
cultivated will solely utilize the carbon sources added (in this case, xylan) and 
not those that were originally present in the soil sample.  The consecutive 
transfers into new medium containing specific carbon sources were a form of 
preliminary screening, and each inoculation executed will further narrow 
down the microbial communities that were able to utilize the substrate in the 
liquid medium. 
 
Among the ten mixed cultures cultivated, culture AH3 was ultimately 
chosen for further studies based on its capability to effectively convert xylan 
into butyric acid (~1.5 g/L) (Fig. 3.2).  The results were considered interesting 
due to the limited reports on xylan-to-butyric acid conversion.  The variation 
in the butyric acid concentration among the cultures could be due to the 
differing efficiencies of the microorganisms present to degrade xylan into 
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fermentable sugars, utilization of the carbon sources, and selectivity of 
butyrate formation over other fermentation products. 
 
 
Figure 3.2: Comparison of butyric acid production from the fermentation of 
xylan by the ten samples collected. The x-axis refers to the labels of the 
respective samples. 
 
As with many mixed culture fermentations, it is not uncommon that a 
wide range of by-products is present (Ai et al., 2013).  Apart from butyric 
acid, other fermentation products like acetic acid (2.2 g/L), ethanol (0.5 g/L) 
and propionic acid (0.3 g/L) were also detected within the fermentation broth 
(Fig. 3.3).  Butyric acid could be seen to gradually increase over the 
fermentation period, whereas the exponential increase of the other products 
appeared to end by Days 3 to 5.  When the headspace of the bottles was 
analyzed, no methane was detected, suggesting the effectiveness of the SBES 
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Figure 3.3: Fermentation profiles of the mixed culture AH3 fed with 10 g/L 
xylan. 
 
Fig. 3.4 shows the scheme of expected metabolic pathways involved 
during the fermentation of the pentose.  Typically, for anaerobic bacteria, 
xylose will firstly be converted into xylulose-5-phosphate, which will then be 
further metabolized through the pentose phosphate pathway (PPP) or the 
phophoketolase pathway (PKP) (Temudo et al., 2009).  The scheme also 
illustrates the formation of the other products found in the xylan fermentation 
by culture AH3, such as ethanol, acetic and propionic acids, carbon dioxide 
and hydrogen. 
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Figure 3.4: Scheme of the expected metabolic pathways during anaerobic 
fermentation of xylose by a typical mixed culture (Temudo et al., 2009). 
 
3.4.5 Enhancing butyric acid production by culture AH3 
The effect of yeast extract on butyric acid production was then tested 
on the mixed culture AH3, in which 5 g/L yeast extract was added into the 
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medium.  As shown in Fig. 3.5, the butyric acid concentration improved 
(~1.8-fold) upon supplementing the medium with yeast extract, where a 
maximum concentration of 2.73 g/L butyric acid was observed.  Yeast extract 
contains growth factors such as amino acids, peptides, water-soluble vitamins 
and minerals.  At suitable concentrations, the yeast extract could increase 
fermentation rates and enhance fermentation product formation, similar to the 
observation discussed in the work of Chan-u-tit et al. (2013) on ethanol 
production using Saccharomyces cerevisiae.  When compared to the profile of 
Fig. 3.4, butyric acid here also seemed to be the only product that accumulates 
with time.  When the culture AH3 was grown solely in presence of yeast 
extract without xylan, however, no butyric acid production could be detected. 
 
 
Figure 3.5: Fermentation profiles of the mixed culture AH3 fed with 10 g/L 
xylan and 5 g/L yeast extract. 
 
This mixed culture was also capable of producing 30.8% (g/g) butyric 
acid yield from 30 g/L xylose (see Fig. 3.6), 1.5-fold higher than the 
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previously reported study by Jiang et al. (2008).  In that study, a total of 
5.1 g/L butyric acid was generated from the fermentation of 25 g/L xylose by 
known prolific butyrate-producer, C. tyrobutyricum ATCC 25755.  Culture AH3 
possesses some potential bacterial candidates that can degrade xylan and 
utilize pentose to produce butyric acid.  Since the addition of yeast extract 
would incur additional cost to the fermentation process, it would be beneficial 
to keep the concentration to a minimum or to avoid it totally.  To achieve this, 
isolation of culture AH3 is necessary. 
 
 
Figure 3.6: Fermentation profiles of the mixed culture AH3 fed with 30 g/L 
xylose and 5 g/L yeast extract. 
 
3.5 Conclusions 
Since the aim of this study is to cultivate cultures capable of utilizing 
xylan, the use of complex medium compositions (e.g, yeast extract, peptone, 
lysogeny broth) for screening and enrichment is not viable, as the bacteria 
cultivated may rely on the carbon sources present in those ingredients (instead 
of xylan).  Sterilization of xylan through autoclaving (alongside the preferred 
defined medium) was justified, as no significant reducing sugars were detected 
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after this treatment.  Though the pH buffering capacity could be strengthened 
through additional buffers having close pKa values, the performances of the 
cultures grown in this medium were less satisfactory.  For this reason, regular 
monitoring and pH control are essential to prevent over-accumulation of the 
fermentation acids or to keep constant pH levels. 
 
Having established the screening and enrichment methods, the mixed 
culture AH3 was obtained, which possesses the ability to utilize both xylan 
and xylose to produce butyric acid.  At present, there are limited studies on the 
production of this acid through microbial conversion of pentoses.  Therefore, 
the work conducted on this culture would help to shed more light on this area 
of research.  Butyric acid generation could be enhanced through the addition 
of yeast extract, which was less preferable as this would incur additional 
starting material costs.  Since the mixed culture AH3 may contain isolates of 
interest that could emulate its performance, further isolation and 
characterization studies would be conducted in the following chapter. 
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CHAPTER 4 
ISOLATION AND CHARACTERIZATION OF 





The handling of mixed culture fermentation could be challenging as 
the dynamics across different subcultures may vary significantly.  
Furthermore, there are additional complexities of microbial interactions and 
requirements of the different strains present.  Hence, the isolation work is 
important in order to obtain pure cultures that can emulate the performance of 
the parent mixed culture, preferably without being dependent on any complex 
growth enhancement. 
 
In this work, two different isolation techniques (agar shake and agar 
plate) were conducted on the mixed culture AH3, and their relative input effort 
and effectiveness were assessed.  After that, primary and secondary screenings 
were carried out with the use of Congo red staining and reducing sugar assay, 
respectively.  The purpose of the primary screening is to screen large 
population of microorganisms for specific type of activity, whereas the 
secondary screening was to determine the activity (qualitatively and 
quantitatively) of the organisms identified in the primary screen (Steele & 
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Stowers, 1991).  The Congo red staining is a reliable and quick method to 
identify cultures capable of producing xylanolytic enzymes and to roughly 
gauge their efficiency.  On the other hand, the reducing sugar assay is a 
quantitative measurement of the enzymatic activities.  These methods provide 
clear guidelines for the isolate selection. 
 
4.2 Highlights 
• Agar shake and agar plate isolations were conducted on the mixed culture 
AH3, in which the latter was more practical and successful. 
• The isolate BX3 was obtained that has xylanolytic, butyrate- and reducing 
sugar-forming properties. 
• Based on the 16S rRNA gene sequence, the isolate BX3 shares 95% 
similarity to Clostridium pascui strain DSM 10365, suggesting a newly 
isolated Clostridium species. 
 
4.3 Materials and Methods 
4.3.1 Culture isolation 
4.3.1.1 Agar shake dilution method 
Three sets of 20-mL glass vials (namely, Sets A, B, and C) containing 
10-mL medium (as described in Section 3.3.1) and 10 g/L xylan were 
prepared under N2 and autoclaved.  A serial dilution of culture from 10
-1 to 
10-8 was performed in Set-A vials, through 10% v/v transfer from one vial to 
the next using disposable syringes and needles.  Inoculation was then 
performed on Set-B vials, which contained an addition of 0.6% w/w low-
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melting SeaPlaque agarose (Cambrex BioScience Rockland, Inc., USA), using 
the corresponding cultures prepared in Set A (for instance, 10% v/v of Set-A 
“10-1” culture to be inoculated into Set-B “10-2” vial, etc.).  These vials were 
initially maintained in a water bath at 45°C to keep the medium molten.  Once 
inoculated, they were gently rolled (not shaken) to mix the content without the 
formation of gas bubbles, and rapidly cooled in a bath of cold water in an 
upright position.  After solidified, the vials were inverted and incubated at 
room temperature for 48 hours.  Colonies were then picked using syringes and 
needles containing sterile medium while keeping the vial inverted in the 
biosafety cabinet, and subsequently inoculated into fresh liquid medium in 
Set-C vials to be further examined. 
 
4.3.1.2 Agar plate method 
Cultures of interest were diluted and spread onto plates containing 
10 g/L xylan and 15 g/L agarose in the aforementioned defined medium.  The 
spread plates were then incubated in the anaerobic chamber at 37°C for 48 
hours.  The colonies grown were picked and streaked onto new agar plates 
twice in succession to ensure higher purity.  The potential bacterial colonies 
obtained were inoculated in 20-mL glass vials containing 10-mL medium and 
10 g/L xylan, before subjecting to Congo red assay to determine their xylan-
degrading capabilities.  Cultures with positive Congo red test results were 
further screened through DNS assay for reducing sugars. 
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4.3.2 Congo red assay 
Xylan-containing agar plates (10 g/L xylan and 15 g/L agar in the 
basal medium) were treated with culture supernatants (obtained by 
centrifuging the fermentation broths at 14000 rpm for 15 min) for 48 hours.  
The plates were then flooded with 0.1% aqueous Congo red for 10 minutes 
and destained with 1 M NaCl solution.  The appearance of clear zones around 
the supernatants indicated hydrolysis of the xylan. 
 
4.3.3 DNS assay for reducing sugar 
Cell-free supernatant in the volume of 0.5 mL (obtained by 
centrifugation at 14000 rpm for 15 min) was mixed with 1 mL 1% xylan 
solution in 50 mM phosphate buffer (pH 6.5) and incubated at 50°C for 
10 mins (Ghose & Bisaria, 1987).  The liberated reducing sugars were 
measured by adding 3 mL 3,5-dinitrosalicylic acid (DNS) reagent (prepared 
using 6.5 g/L DNS, 26 g/L sodium hydroxide and 45 g/L glycerol) and heated 
at 90°C in a water bath for 10 mins.  The resulting solution was diluted with 
20 mL deionized water, and absorbance measured at 540 nm using a 
multimode microplate reader (Infinite 200 PRO, Tecan, Switzerland).  The 
reducing sugar concentrations were read-off using a calibration curve prepared 
by standard xylose (0-3.33 mg/mL).  Sample containing 1% xylan treated 
similarly without the supernatant was considered as the blank. 
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4.3.4 Culture characterization 
The isolate with the best DNS assay results was genetically 
characterized using 16S rRNA gene sequence.  Genomic DNA of the cells was 
extracted using the DNeasy Tissue Kit (Qiagen, GmbH, Germany), and the 
16S rRNA gene was amplified with a pair of universal primers 8-F (5’-AGA 
GTT TGA TCC TGG-3’) and 1541-R (5’-AAG GAG GTG ATC CAG CC-3’) 
(Löffler et al., 2000).  The genes were sequenced at 1st BASE Pte. Ltd. and 
aligned to the sequences within the 16S rRNA sequence database using the 
Basic Local Alignment Search Tool (BLAST).  The aligned sequences were 
then used to draw the desired phylogenetic tree using the neighbor-joining 
method in the MEGA 5.02 (www.megasoftware.net) program.  The purity of 
the culture was further verified through a microscope. 
 
4.3.5 Microscopy 
Exponentially growing culture samples were stained using the Syto 9 
fluorescent stain (S-34854; Invitrogen, Life Technologies, USA), as per the 
manufacturer's protocol.  The mixture containing 10 µL sample, 2 µL stain 
and 8 µL mounting medium (Vectashield H-1000; Vector Laboratories, Inc., 
USA) was pipetted to an agarose-coated glass slide (for cell immobilization) 
and observed under a microscope (Eclipse E200; Nikon, Japan) under 100X 
magnification.  Image acquisition and analysis were done using the Nikon 
ACT-2U imaging software. 
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4.3.6 Fermentation products analyses 
The fermentative gas generated was measured and released regularly 
using disposable syringes.  Culture supernatants (after centrifugation at 
14000 rpm for 15 min) were used for the identification and quantification of 
the products formed.  Five-points calibration curves were obtained using 
standards comprised of volatile fatty acids (i.e., acetic, propionic, and butyric) 
and solvents (i.e., acetone, ethanol and butanol).  These compounds were 
analyzed by gas chromatography (Agilent 7890A GC; Agilent Technologies, 
USA) as described in Section 3.3.2. 
 
4.3.7 Xylooligosaccharides analysis 
The sugars in the samples were determined by high-performance liquid 
chromatography (HPLC; Agilent 1260 Infinity; Agilent Technologies, USA) 
equipped with a refractive index detector (RID) and an Agilent Zorbax 
Carbohydrate Analysis column (4.6 × 150 mm, 0.5 µm) using degassed 75% 
v/v acetonitrile as the mobile phase at a flow rate of 1.4 mL/min and constant 
column temperature at 40°C (Agilent Zorbax Carbohydrate Analysis Column 
Datasheet; Agilent Technologies, USA).  Commercially available sugar 
standards (i.e., xylose, xylobiose and xylotriose) were used for preparing the 
corresponding calibration curves for subsequent determination of the different 
sugars within the test samples. 
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4.4 Results and Discussion 
4.4.1 Isolation and characterization of Clostridium sp. strain BX3 
The agar shake isolation was first conducted on the mixed culture AH3 
(due to its high butyric acid production from xylan) to obtain isolates and to 
compare their performance with that of the parent mixed culture.  As shown in 
Fig. 4.1, colonies could be observed alongside the fermentation gas bubbles 
within the agar in Set-B vials.  Due to the nature of xylan that caused the 
brown coloration of the solid medium, the colonies were difficult to be singled 
out.  A total of 20 colonies were picked using syringes and needles containing 
sterile medium in the biosafety cabinet.  They were then inoculated into in 
Set-C vials to be further examined for their fermentation performances. 
 
 
Figure 4.1: Colonies (from mixed culture AH3) grown within the xylan-
containing agar shake bottles. 
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The amounts of fermentation gas released from the Set-C vials after 
inoculation were low, indicating poor activities from the isolates picked.  The 
isolates were further assessed based on their butyric acid and reducing sugar 
productions, but their performances were not as expected, even after 
subcultured into 40-mL medium.  This could be due to the selection of inferior 
colonies, or that the isolates were exposed to air temporarily during the 
picking of colonies in the biosafety cabinet, which could negatively affect 
their growth and performance.   
 
Since the previous isolation work using the agar shake method was 
unsuccessful in obtaining isolates with decent performances, another attempt 
was carried out, which entailed a spread plate (Fig. 4.2) followed by two 
successive streak plate steps in the anaerobic chamber. 
 
 
Figure 4.2: Colonies (from mixed culture AH3) grown on the xylan-containing 
agar plates. 
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Out of the 20 colonies picked from the streak plates, four showed 
positive results in the Congo red test (Fig. 4.3), implying xylan-degrading 
capabilities in the respective fermentation broths. 
 
 
Figure 4.3: Clear zones observed in the xylan-containing agar plates stained 
with Congo red dye 
 
Further reducing sugar measurements (Fig. 4.4) indicated that the 
isolate BX3 generated the highest sugar concentration (1.31 g/L) from the 
assay (among the four isolates with positive Congo red test), and was thus 
chosen for further characterization studies. 
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Figure 4.4: Comparison of xylan-degrading capabilities of the four isolates 
that have positive results from the Congo red test. 
 
The ribosomal RNA (rRNA) gene is the most conserved DNA in cells, 
and thus, genes that encode the rRNA (particularly the small subunit 16S 
rRNA genes) have been widely used in bacterial identification and 
phylogenetic studies.  The 16S rRNA gene sequence of culture BX3 obtained 




























































Phylogenetic analysis of culture BX3 using its 16S rRNA gene 
sequence, as shown in Fig. 4.5, indicated the isolate to be a close relative to 
Clostridium pascui strain DSM 10365 (possessing 95% sequence similarity).  
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Based on this finding, the obtained BX3 isolate was concluded to be a 
Clostridium species.  The purity of the culture was further ascertained using 
microscopy (data not shown). 
 
Figure 4.5: Phylogenetic tree of culture BX3 and other closely related 
Clostridium using the neighbor-joining method (MEGA 5.02) based on 16S 
rRNA gene sequences. 
 
4.4.2 Fermentation profile of culture BX3 
Apart from its xylan-degrading properties, culture BX3 could generate 
butyric acid from the fermentation of xylan.  As shown in Fig. 4.6a, the 
butyric acid levels reached maximum at Day 2 (~1.1 g/L) while addition of 
yeast extract (Fig. 4.6b) did not show significant improvement in the target 
product generation.  This was desirable, as the isolate did not require the 
enhancer, which would impose additional cost to the medium.  Other means of 
improving the product concentration was conducted in a later part of the study 
(Section 7.3.1), where the improved titer would be compared to other reported 
strains.  Contrary to the parent mixed culture, no propionic acid was observed 
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in the fermentation broth of culture BX3.  This could be due to the screening 
out of propionate-producing bacteria during the isolation step, which is 
beneficial as there are fewer by-products formed. 
 
Figure 4.6: Profiles of fermentation products when culture BX3 was fed with 
10 g/L xylan (a) without yeast extract, and (b) with 5 g/L yeast extract for 
enhancement. 
 
At Day 1 of the experimental setup without yeast extract (Fig. 4.6a), a 
net 0.9 g/L reducing sugar was formed, indicating initial and favorable 
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hydrolysis of xylan into fermentable sugars.  The sugar concentration dropped 
the following day while the acids concentrations continued to increase, 
showing a net uptake (versus generation) of sugar.  When the production of 
the acids plateaued, further accumulation of sugar could be observed (up to 
1.0 g/L at the end of the experiment).  A similar trend of reducing sugar could 
also be seen in Fig. 4.6b, though less pronounced, when yeast extract was 
added, and the accumulated sugar reached 0.7 g/L at Day 7.  Through the use 
of HPLC, oligosaccharides such as xylobiose was also be detected in the 
fermentation broth of culture BX3 at the end of the experiment.  The fact that 
this sugar was directly generated without the need of separate hydrolysis steps 
(and external enzymes) indicates the potential of isolate BX3 to be employed 
industrially for the bioproduction of reducing sugars and other value-added 
products from xylan. 
 
In previous experiments, simple sugars could barely be detected in the 
supernatants of cultures fed with xylan, as it is presumed that microorganisms 
would instantaneously utilize those for growth and conversion into 
fermentation products.  Reports on xylooligosaccharides generation by 
microbial cultures are indeed limited, as the production of these sugars from 
xylan is primarily carried out using enzymes and/or physicochemical 
treatments.  In a study conducted by Mazzaferro et al. (2011), 17.8 g/L of total 
xylooligosaccharides were generated when commercial enzyme Buzyme 
2511® was used on birchwood xylan.  The first report on 
xylooligosaccharides production and accumulation (yielding 32% of total 
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xylooligosaccharides as xylose from xylan) by a mutant strain Bacillus 
pumilus X-6-19 was made by Yuan et al. (2008).  Bioproduction of reducing 
sugars and xylooligosaccharides is advantageous since the need for tedious 
and cumbersome enzyme purification and preparation steps would be 
eliminated in this process.  Therefore, the capability of culture BX3 in 
converting xylan (as well as other organic wastes) into these short-chain 
pentose sugars without resorting to the use of the often expensive commercial 
enzymes is of interest. 
 
4.5 Conclusions 
Isolation of pure cultures was performed on the mixed culture AH3 for 
further study.  The agar plate method that involved spreading and streaking 
was more successful in acquiring more robust isolates (as compared to the 
agar shake technique).  The isolate BX3 was finally chosen to be further 
characterized and studied due to its xylan degradation capability.  Based on 
the sequence of its 16S rRNA gene, culture BX3 shares 95% similarity to 
Clostridium pascui strain DSM 10365.  The culture could generate 
approximately 1.1 g/L butyric acid from 10 g/L xylan and yeast extract did not 
enhance the product generation, which is preferable in terms of starting 
material costs.  Most importantly, xylobiose could be seen to accumulate in 
the fermentation broth (a rare phenomenon), which shows further potential of 
this culture to generate reducing sugars without the need for external enzymes.  
Besides assessing the fermentation profiles of culture BX3, additional 
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experiments were carried out to further understand the mechanisms of xylan 
utilization and product generation through enzymatic and proteomic studies. 
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CHAPTER 5 





Hemicellulases are being studied to a lesser degree than cellulases.  
The complexities and diversity of the former made the research and 
characterization work more challenging.  For instance, a cocktail of enzymes 
with differing specificity and modes of action may be required for the 
complete breakdown of xylan.  It is also known that there are many different 
assay procedures in practice to measure the enzyme activities (despite having 
similar definition) due to the many variables present within the assay (e.g., 
type and concentration of xylan, choice of buffers, incubating duration and 
temperature, etc.).  Hence, establishing and standardizing the methods and 
materials for the assay are crucial for the enzymatic study. 
 
With the ever-growing attention and interest in the industrial use of 
these enzymes, there is a need to find new microorganisms for the enzyme 
production as well as to understand their complex mechanisms.  There are 
several Clostridia strains capable of producing extracellular xylanases, but 
their xylanolytic systems are not thoroughly examined.  In the work of 
Rajagopalan et al. (2013), a new xylanase produced by Clostridium sp. BOH3 
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was successfully purified using fast protein liquid chromatography.  In order 
to study the nature of these enzymes, purification should first be attempted; 
and there are several techniques that could be employed depending on the 
protein properties, such as separation based on size, polarity and solubility.  
Protein mass spectrometry is also a useful high-throughput tool for 
characterization of proteins, which involves protein digestion into peptides 
that will then be separated, fragmented, ionized and subsequently captured by 
mass spectrometers.  Through computational means, these proteins are then 




• The xylanase activity of culture BX3 was determined to be around 3.9-
4.1 IU/mL, comparable to other reported Clostridia strains. 
• The activity assay procedure was improved to account for false positive 
results due to the presence of initial reducing sugar. 
• Different strategies for enzyme separation and purification showed the 
possibility of multiple enzymes present. 
• The proteins/enzymes produced by culture BX3 responsible for xylan 
utilization and butyrate formation were partially identified through mass 
spectrometric methods. 
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5.3 Materials and Methods 
5.3.1 Xylanase activity assay 
The procedure of conducting the xylanase activity assay was similar to 
that of the reducing sugar assay using DNS (Section 4.3.3).  Upon obtaining 
the concentration of reducing sugar released, the xylanase activity was 
calculated and expressed as the number of µmoles of reducing sugars 
(measured as xylose) produced per minute of hydrolysis (after deducting the 
value from the corresponding control) per milli-liter of enzyme used (i.e., 
IU/mL). 
 
5.3.2 Protein concentration measurement 
The concentrations of protein present in the supernatant (after 
centrifugation at 14000 rpm for 15 min) were measured using the Bradford 
protein assay.  Sample volume of 5 µL (in duplicates) was mixed with 250 µL 
dye reagent (Bio-rad, USA) in a microplate, and allowed to incubate at room 
temperature for 10 mins.  The absorbance of the mixtures was measured at 
595 nm using a multimode microplate reader (Infinite 200 PRO, Tecan, 
Switzerland).  The protein concentrations were read-off using a calibration 
curve prepared by bovine serum albumin standards (0-2 mg/mL). 
 
5.3.3 Crude supernatant production 
Culture BX3 was grown in five 160-mL serum bottles containing 
120 mL medium with 10 g/L xylan each to obtain at least 500 mL of crude 
supernatant that was free of biomass and undissolved xylan through means of 
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centrifuging the fermentation broth (harvested on the third day after 
inoculation) twice at 10000 rpm for 30 min each, followed by a simple 
filtering through Whatman qualitative filter paper (Grade 1).  This crude 
supernatant was stored at 4°C and subsequent used for enzyme purification 
experiments.  In order to obtain the intracellular proteins for testing, the 
precipitate and cell pellets collected after the centrifuging step above were 
resuspended in 50mM phosphate-buffered saline solution.  The suspension 
then went through ultrasonic treatment (to lyse the cells) in an ice bath, and 
stored at 4°C. 
 
5.3.4 SDS gel electrophoresis 
In the presence of sodium dodecyl sulfate (SDS), proteins are 
denatured, dissociated and given negative charges.  Polyacrylamide gel 
electrophoresis (PAGE) is then used to separate the SDS-treated proteins, in 
which the proteins migrate toward the positively charged anode, where the 
molecular weight dictates the rate of migration. 
 
The SDS-PAGE was conducted using the Mini-PROTEAN 3 gel 
cassette assembly (Bio-rad; USA).  Separating gel solution (10% acrylamide), 
comprising of 2.88 mL distilled water, 1.5 mL 40% acrylamide, 1.5 mL 1.5M 
tris buffer (pH 8.8), 0.06 mL 10% SDS, 0.06 mL ammonium persulfate (APS) 
and 2.4 µL 1,2-bis(dimethylamino)ethane (TEMED), was transferred into the 
casting setup and allowed to polymerize completely.  The well-forming comb 
as well as the stacking gel solution (5% acrylamide), comprising of 1.46 mL 
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distilled water, 0.375 mL 40% acrylamide, 0.25 mL 0.5M tris buffer (pH 6.8), 
0.02 mL 10% SDS, 0.02 mL APS and 2 µL TEMED, were then introduced 
and allowed to polymerize completely. 
 
Protein samples were then mixed with the sample buffer, prepared 
using 0.5 M tris buffer (pH 6.8), 100 mM dithiothreitol, 2% w/v SDS, 0.1% 
w/v Bromophenol blue dye and 10% v/v glycerol, at 1:1 ratio to achieve a 
mixture volume of 40 µL, before being heated at 90°C for 10 minutes to 
denature the proteins and allowed to be cooled to room temperature.  The 
sample mixtures were then loaded onto the gel in the electrophoresis tank 
containing the running buffer that is made of 25 mM tris, 150 mM glycine and 
0.1% w/v SDS.  The samples as well as the pre-stained protein ladder (marker) 
were then run at 160V until the dye front reaches the bottom of the gel. 
 
5.3.5 Protein gel staining 
After the SDS-PAGE run, the gel is stained with Coomassie stain 
solution (containing 2 g Coomassie blue dye in 450 mL methanol, 100 mL 
glacial acetic acid and 450 mL distilled water) for 30 minutes.  For destaining, 
the gel is then washed with destaining solution (1 L contains 50 mL methanol 
and 70 mL glacial acetic acid) several times.  The image of the gel is then 
taken using the Gel Doc XR+ system (Bio-rad, USA). 
 
In the event that the Coomassie Blue technique is not sufficiently 
sensitive for the staining of proteins in the polyacrylamide gels, silver-staining 
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technique using PlusOne Silver Staining Kit, Protein (GE Healthcare; UK) is 
employed.  Inside a staining tray with gentle shaking, the gel is soaked in 
250 mL fixing solution (containing 75 mL ethanol and 25 mL glacial acetic 
acid) for 60 minutes.  The solution is then removed, and replaced with 250 mL 
sensitizing solution (containing 75 mL ethanol, 10 mL 5% w/v sodium 
thiosulphate, 17 g sodium acetate and 1.25 mL 25% w/v glutardialdehyde) for 
60 minutes.  Four cycles of 15-minute washing with distilled water were 
carried out before the 60-minute silver reaction step using 250 mL silver 
solution (containing 25 mL 2.5% w/v silver nitrate solution).  The gel is then 
washed twice in distilled water for a minute each, left shaking in 250 mL 
developing solution (containing 6.25 g/L sodium carbonate and 0.2 mL 37% 
formaldehyde) until bands have reached desired intensity.  This reaction is 
halted by putting the gel into 250 mL stop solution (containing 3.65 g EDTA-
Na2•2H20) for 60 minutes, and subsequently in 250 mL preserving solution 
(containing 75 mL ethanol and 11.5 mL 87% w/w glycerol) for another 
60 minutes. 
 
5.3.6 Protein extraction and identification 
BX3 culture supernatants (obtained after centrifugation at 14000 rpm 
for 15 min) were precipitated using six volumes of ice-cold acetone and kept 
overnight at 4°C.  The supernatant was removed, and the pellet resuspended in 
2x Laemmli sample buffer before being heated at 90°C for 10 min and 
polymerized in a tube-gel using polyacrylamide.  The samples were then sent 
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to the Protein and Proteomics Centre (National University of Singapore) for 
identification through LC/MS/MS using Triple TOF 5600 (AB SCIEX, USA). 
 
The mass spectrometric data was analyzed by ProteinPilotTM Software 
4.5 (AB SCIEX, USA) using the ParagonTM Algorithm (4.5.0.0) for peptide 
identification.  Iodoacetamide was used for cysteine alkylation followed by 
trypsin digestion into a population of peptides to be identified through 
thorough search effort by the mass spectrometer using the 
“CombinedClostridium.fasta” database.  The database was compiled from the 
NCBI protein databases consisting of the following organisms that were found 
to be close relatives of the BX3: (i) C. acetobutylicum; (ii) C. beijerinckii; (iii) 
C. butyricum; (iv) C. cellulovorans; (v) C. glycolinum; (vi) C. intestinale; and 
(vii) C. magnum.  For this study, a strict unused confidence score > 1.3 was 
used as the qualification criterion, which corresponds to a peptide confidence 
level of 95%.  The identification and quantification results were then exported 
into Microsoft Excel for manual data analysis.  Functional annotations of the 
detected proteins were done using KEGG (http://www.genome.jp/kegg/), 
Biocyc (http://biocyc.org) and SubtiWiki (http://subtiwiki.uni-
goettingen.de/wiki/) databases. 
 
5.4 Results and Discussion 
5.4.1 Improving xylanase assay procedure 
Many microorganisms secrete hemicellulases extracellularly (produced 
constitutively and/or inductively) (Singh & Mishra, 1995), and thus, the 
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xylanase assays were always conducted using the supernatant of cultures.  To 
verify this, an experiment was conducted to compare both extracellular and 
intracellular xylanase activities.  Using the same mixed culture AH3 stock, the 
activities obtained from the extracellular component (xylanase activity of 
4.78 IU/mL with 1.36 mg/mL protein concentration, yielding a specific 
xylanase activity of 3.50 IU/mg) was much higher than that of the intracellular 
components (xylanase activity of 0.02 IU/mL with 0.18 mg/mL protein 
concentration, yielding a specific xylanase activity of 0.11 IU/mg).  This was 
in line with the observation by Biely (1985), in which xylanolytic enzymes 
have to be secreted extracellularly since the xylan is unable to enter the cells.  
Therefore, it was justified to conduct xylanase assays using the supernatant of 
the cultures alone. 
 
Due to the limitation of the xylanase assay that estimates the amount of 
reducing sugar present, false positive readings could arise from samples 
(culture supernatant) that already contain reducing sugars.  This is true for the 
case of culture BX3, since there was accumulation of reducing sugars in the 
fermentation broth (Fig. 4.6).  Hence, there is a need to improve the procedure 
of the assay to discount the effects of initial sugar present; and three control 
methods were tested. 
 
In the first setup, no xylan substrate was added to the control samples.  
This way would ensure that only the initial reducing sugar present in the 
sample would react with DNS.  Since xylan contributes some color and 
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turbidity to the medium, its absence in the control made the comparison with 
the non-control inconsistent, as it led to lower optical density reading in the 
microplate reader.  In the second setup, the control samples were boiled at 
100°C for 10 min to inactivate the enzymes present before adding the xylan 
substrate.  The readings obtained from this setup were misleading, as the 
control values were higher than those of the non-control.  This could be due to 
the inadvertent evaporation of the samples, causing the sugars present to be 
more concentrated.  In the final setup, the order of DNS and sample addition 
was reversed in the control.  The high pH of the DNS (containing 26 g/L 
sodium hydroxide) added could help inactivate the enzyme, and the sample 
was only added right before the boiling step with DNS, giving the enzyme 
negligible time to break down xylan.  The results obtained from this setup are 
more reasonable, and this more accurate measurement of xylanase activities is 
employed in future assays. 
 
5.4.2 Enzyme purification from culture BX3 
Several batches of cell-free crude supernatant were prepared for 
enzyme purification, with an average xylanase activity of 4.0 IU/mL.  The 
xylan-degrading capability of this culture is comparable with other reported 
Clostridium strains, as shown in Table 5.1. 
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Table 5.1: Summary of xylanase activity in Clostridium strains 








3% w/v oat spelt 
xylan 
0.11 Broda et al. (2000) 
C. butyricum LU-1 1% w/v oat spelt 
xylan 




1% w/v oat spelt 
xylan 
3.3 Marichamy & 
Mattiasson (2005) 
C. beijerinckii LU-1 1% w/v oat spelt 
xylan 




1% w/v oat spelt 
xylan 
4.2 Marichamy & 
Mattiasson (2005) 




4.0 This study 
 
The first batch of 500 mL of crude supernatant yielded an average 
xylanase activity of 4.11 IU/mL.  Solvent extraction (based on dielectric 
constant) was then conducted by adding 70% v/v acetone, butanol and ethanol 
individually to the samples and left overnight at 4°C.  Multiple bands can 
clearly be seen in the lane of acetone-extracted samples in the SDS-PAGE 
(Fig. 5.1), which corresponded to the higher protein concentration obtained 
(approximately four-fold) as compared to the rest of the solvents.  However, 
the xylanase activities after solvent extraction dropped to ~1.9 IU/mL, leading 
to lower specific xylanase activities calculated.  This could be due to the 
enzymes being inactivated by the high concentrations of solvents added 
(though the extraction was conducted at low temperature), and that the 
residual solvents present (unable to be fully evaporated away) could affect the 
assays. 
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Figure 5.1: Picture of the SDS-PAGE.  The molecular markers are in the left 
lane, followed by the crude enzyme and the acetone-, butanol- and ethanol-
extracted samples. 
 
A different technique of protein separation was thus tested on a second 
batch of crude supernatant (~500 mL) with xylanase activity of 3.87 IU/mL.  
The purification of the crude supernatant was carried out using fast protein 
liquid chromatography (FPLC) facility AKTA purifier (GE Healthcare) and 
ion exchange columns (HiTrap DEAE FF and CM FF columns).  The 
chromatographs obtained from both anion and cation columns and the 
xylanase assays conducted showed that the desired enzymes remained in the 
flowthrough rather than in the eluents, indicating that separation of proteins 
based on the charge properties using the ion exchangers was unsuccessful.  
Thus, a different strategy was attempted again. 
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Salting out method was undertaken next, using ammonium sulphate as 
it can preserve the biological activity of proteins and that it can be used in 
lower concentrations as compared to other salts (Dako et al., 2012).  This 
technique separate proteins based on the varying degree of protein solubility.  
Pellets were observed upon the addition of 70% w/v salt, which were then re-
suspended and treated using desalting columns.  The specific xylanase activity 
after desalting is 2.40 IU/mg (xylanase activity of 2.05 IU/mL and protein 
concentration of 0.854 mg/mL), as compared to 8.78 IU/mg of the crude 
supernatant before salting out (xylanase activity of 3.73 IU/mL and protein 
concentration of 0.425 mg/mL).  Even though the protein concentration 
increases (approximately two-fold), the xylanase activity decreased after 
salting out that led to the lower specific xylanase activity calculated. 
 
Subsequently, this re-suspended protein (after salting out) was sent 
through the FPLC using size exclusion column; and four eluent fractions (with 
xylanase activities) were collected.  Since the proteins present were 
excessively diluted with the elution buffer in each of the eluent fractions, the 
samples were further concentrated (approximately 5 times) using Vivaspin 6 
columns, before being separated using SDS-PAGE.  Multiple bands were 
observed from certain fractions (with detected xylanase activities) in the gel 
(Fig. 5.2), indicating the possibility of multiple xylan-degrading enzymes 
present in the partially purified enzyme solution (crude enzyme).  This was 
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Figure 5.2: Picture of the SDS-PAGE.  The molecular markers are in the left 
lane, followed by the re-suspended protein sample (before being separated by 
the FPLC) and the concentrated samples from the four eluent fractions (from 
FPLC). 
 
A different salting out strategy (fractional precipitation) was then 
carried out using step-wise addition of the salt – at 30, 50 and 70% w/v 
ammonium sulphate concentrations.  The 50-70% fraction had the highest 
xylanase activity and protein concentration.  Correspondingly, more and 
darker bands could be seen in the lane of this fraction (Fig. 5.3); and this again 
shows that multiple enzymes could be present.  Similar to previous salting out 
experiment, the xylanase activity dropped rather significantly (~1.3 IU/mL) 
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after salting and desalting, suggesting the adverse effect on the enzyme 
integrity after undergoing this purification step. 
 
 
Figure 5.3: Picture of the SDS-PAGE.  The molecular markers are in the left 
lane, followed by the crude enzyme and the four fractions obtained from the 
step-wise salting out of the crude enzyme. 
 
 Loss of enzyme activity is a common problem encountered during 
enzyme purification.  Furthermore, protein losses can occur in every step of 
the process due to insolubility, adherence to separation matrices and losses in 
irretrievable residues, and thus, fewer steps are highly encouraged to minimize 
loss (Dako et al., 2012). 
 
5.4.3 Protein identification 
To shed light on the substrate utilization and butyrate formation by this 
new strain (BX3), its bacterial secretome was analyzed using mass 
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spectrometric technique.  This approach provides a useful platform for the 
identification of expressed proteins and/or enzymes released.  However, the 
success of the experiment depends largely on whether the databases used 
contain the correct protein sequences leading to the correct peptide 
identifications (Wang & Wilson, 2013).  Since the genome sequencing of 
culture BX3 is not yet available, databases of other closely related strains were 
thus used in this study.  Based on the available databases, a total of 193 
proteins were detected with a total mass spectrometric-spectrum coverage of 
51.7%.  The identified proteins were functionally categorized with special 
emphasis on the proteins related to carbohydrate metabolism, as shown in 
Fig. 5.4, and detailed in Table 5.2.  Additionally, several other classes of 
proteins including protein biosynthesis, membrane transport, stress response, 
etc., were also identified. 
 
 
Figure 5.4: Classification of proteins from analysis of the BX3 secretome 
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analysis (column chart). Insert (pie chart): Number of proteins associated with 
carbohydrate metabolic pathways found within the BX3 secretome. 
 
Table 5.2: List of identified proteins from culture BX3 supernatant 




utilization Alpha-amylase C. butyricum 
(carbohydrate 
metabolism) Alpha-amylase C. butyricum 
 Arabinose isomerase C. beijerinckii 
 ATPase C. cellulovorans 
 
Fructose-1,6-bisphosphate 
aldolase, class II C. butyricum 
 Fucose isomerase C. butyricum 
 Galactose-6-phosphate isomerase C. butyricum 
 Galactose mutarotase C. butyricum 
 Glucuronate isomerase C. beijerinckii 
 
Glycosyl hydrolase family 32, N 
domain protein C. butyricum 
 L-arabinose isomerase C. butyricum 
 L-fucose isomerase related protein C. acetobutylicum 
 Phosphomannomutase C. butyricum 
 (R,R)-butanediol dehydrogenase C. butyricum 





mutase C. butyricum 
(carbohydrate 
metabolism) Alcohol dehydrogenase C. butyricum 
 Enolase C. intestinale 
 Glucose-6-phosphate isomerase C. butyricum 
 Glucose kinase C. butyricum 
 
Glyceraldehyde-3-phosphate 
dehydrogenase, type I C. butyricum 
 Phosphoglycerate kinase C. acetobutylicum 
 Phosphoglycerate kinase C. butyricum 
 Triosephosphate isomerase C. butyricum 
 Triosephosphate isomerase C. magnum 
 Pyruvate kinase C. butyricum 
 Pyruvate kinase C. glycolicum 
Phosphorylation Acetate kinase C. acetobutylicum 
(carbohydrate 
metabolism) Acetate kinase C. beijerinckii 
 Acetate kinase C. butyricum 
 Acetate kinase C. cellulovorans 
 Dihydroxyacetone kinase, DhaK C. butyricum 
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subunit 
 Phosphorylase C. butyricum 
 Putative butyrate kinase C. butyricum 
 Pyruvate phosphate dikinase C. butyricum 
Transferase Acetyl-CoA acetyltransferase C. butyricum 
(carbohydrate 
metabolism) Acetyltransferase C. butyricum 
 Formate acetyltransferase C. beijerinckii 
 Formate acetyltransferase C. butyricum 
 Phosphate butyryltransferase C. butyricum 
 Type 11 methyltransferase C. butyricum 
Dehydrogenase 
3-hydroxybutyryl-coa 
dehydrogenase C. butyricum 
(carbohydrate 
metabolism) Acyl-CoA dehydrogenase protein C. butyricum 
 
Acyl-coa dehydrogenase, short-
chain specific C. butyricum 
 
Bifunctional acetaldehyde-
CoA/alcohol dehydrogenase C. intestinale 
 
D-3-phosphoglycerate 
dehydrogenase C. butyricum 
 Isocitrate dehydrogenase NADP C. butyricum 
Pentose 
phosphate 
pathway Putative transaldolase 1 C. butyricum 
(carbohydrate 
metabolism) Putative transaldolase 1 C. butyricum 
 Ribose-5-phosphate isomerase B C. butyricum 
 Transketolase C. butyricum 
Hydratase 
3-hydroxybutyryl-CoA 
dehydratase C. butyricum 
(carbohydrate 
metabolism) Aconitate hydratase C. butyricum 
Protein 
biosynthesis 30S ribosomal protein S10 C. butyricum 
 30S ribosomal protein S15 C. butyricum 
 30S ribosomal protein S18 C. acetobutylicum 
 30S ribosomal protein S19 C. acetobutylicum 
 30S ribosomal protein S2 C. intestinale 
 30S ribosomal protein S3 C. acetobutylicum 
 30S ribosomal protein S4 C. acetobutylicum 
 30S ribosomal protein S4 C. butyricum 
 30S ribosomal protein S5 C. butyricum 
 30S ribosomal protein S5 C. intestinale 
 30S ribosomal protein S7 C. butyricum 
 30S ribosomal protein S7 C. cellulovorans 
 30S ribosomal protein S8 C. butyricum 
 30S ribosomal protein S8 C. intestinale 
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 50S ribosomal protein L1 C. butyricum 
 50S ribosomal protein L11 C. butyricum 
 50S ribosomal protein L13 C. butyricum 
 50S ribosomal protein L13 C. cellulovorans 
 50S ribosomal protein L14 C. butyricum 
 50S ribosomal protein L14 C. intestinale 
 50S ribosomal protein L17 C. butyricum 
 50S ribosomal protein L19 C. acetobutylicum 
 50S ribosomal protein L19 C. butyricum 
 50S ribosomal protein L20 C. intestinale 
 50S ribosomal protein L21 C. intestinale 
 50S ribosomal protein L22 C. butyricum 
 50S ribosomal protein L22 C. intestinale 
 50S ribosomal protein L23 C. butyricum 
 50S ribosomal protein L24 C. butyricum 
 50S ribosomal protein L27 C. butyricum 
 50S ribosomal protein L3 C. cellulovorans 
 50S ribosomal protein L36 C. acetobutylicum 
 50S ribosomal protein L4 C. butyricum 
 50S ribosomal protein L4 C. cellulovorans 
 50S ribosomal protein L5 C. acetobutylicum 
 50S ribosomal protein L5 C. butyricum 
 50S ribosomal protein L6 C. butyricum 
 50S ribosomal protein L7/L12 C. butyricum 
 50S ribosomal protein L9 C. beijerinckii 
 Elongation factor P C. butyricum 
 Elongation factor P C. cellulovorans 
 Elongation factor Ts C. butyricum 
 Elongation factor Tu C. intestinale 
 Elongation factor Tu, partial C. butyricum 
 Ribosomal protein L15 C. beijerinckii 
 Ribosomal protein L25, Ctc-form C. butyricum 




pyruvate transaminase 2  C. butyricum 




reonine aminotransferase C. intestinale 
 
6,7-dimethyl-8-ribityllumazine 
synthase C. butyricum 
 Adenylosuccinate synthetase C. butyricum 
 Aminopeptidase 1 C. intestinale 
 Argininosuccinate synthase C. butyricum 
 
Aspartate-semialdehyde 
dehydrogenase C. butyricum 
 Brachyurin C. butyricum 
 D-3-phosphoglycerate C. acetobutylicum 
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dehydrogenase 
 Dihydrodipicolinate reductase C. butyricum 
 Dihydroxy-acid dehydratase C. butyricum 
 Glutamate dehydrogenase C. butyricum 
 
Glutamate synthase (NADPH), 
homotetrameric C. butyricum 
 Glutamine synthetase C. butyricum 
 
Inosine 5'-monophosphate 
dehydrogenase C. beijerinckii 
 Ketol-acid reductoisomerase C. butyricum 
 M18 family aminopeptidase C. butyricum 
 M18 family aminopeptidase C. butyricum 
 
N5-carboxyaminoimidazole 
ribonucleotide mutase  C. butyricum 
 
Nicotinate-nucleotide 
pyrophosphorylase C. butyricum 
 O-acetylhomoserine sulfhydrylase C. acetobutylicum 
 Ornithine carbamoyltransferase C. butyricum 
 Phosphoserine aminotransferase C. butyricum 
 
Putative cell wall binding repeat-
containing protein  C. butyricum 
 S-adenosylmethionine synthetase C. butyricum 
 Serine protein kinase C. butyricum 
 Tryptophan synthase beta chain 1 C. butyricum 
 Tryptophan synthase beta chain 2 C. butyricum 
Hypothetical 
protein Conserved hypothetical protein C. beijerinckii 
 Hypothetical protein C. butyricum 
 Hypothetical protein C. butyricum 
 Hypothetical protein C. butyricum 
 Hypothetical protein C. butyricum 
 Hypothetical protein C. butyricum 
 
Hypothetical protein 
Q607_CBUC00021G0106  C. butyricum 
 
Hypothetical protein 
Q607_CBUC00021G0108  C. butyricum 
 
Hypothetical protein 
Q607_CBUC00039G0011  C. butyricum 
 
Hypothetical protein 
Q607_CBUC00053G0033 C. butyricum 
 
Hypothetical protein 
Q607_CBUC00057G0010  C. butyricum 
 
Hypothetical protein 
Q607_CBUC00064G0005 C. butyricum 
 
Hypothetical protein 
Q607_CBUC00185G0009 C. butyricum 
 
Hypothetical protein 
Q607_CBUC00185G0010  C. butyricum 
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Hypothetical protein 




binding lipoprotein C. butyricum 
 
Amino acid ABC transporter, 
amino acid-binding protein  C. butyricum 
 
Bacterial extracellular solute-
binding protein C. butyricum 
 
Bacterial solute-binding protein 1 
family C. butyricum 
 Membrane lipoprotein tmpc C. butyricum 
 
NifU-related domain containing 
protein C. acetobutylicum 
 
Oligopeptide ABC transporter 
periplasmic oligopeptide-binding 
protein C. intestinale 
 
Phosphotransferase system, 
phosphocarrier protein HPr  C. butyricum 
 
PTS fructose transporter subunit 
IIB C. butyricum 
 
PTS fructose transporter subunit 
IIBC C. butyricum 
 
Pts system mannose-specific eiiab 
component  C. butyricum 
 
PTS system, Lactose/Cellobiose 
specific IIB subunit  C. butyricum 
 
Sugar ABC transporter substrate-
binding protein  C. beijerinckii 
Stress response 60 kDa chaperonin C. butyricum 
 Alkaline-shock protein C. butyricum 
 
ATPases with chaperone activity 
clpC, two ATP-binding domain C. acetobutylicum 
 Beta-lactamase C. butyricum 
 Chaperone protein DnaK C. butyricum 
 Chaperonin GroEL C. beijerinckii 
 CspA C. butyricum 
 CspC C. butyricum 
 CspC C. butyricum 
 Molecular chaperone GroEL C. cellulovorans 
 RNA-binding protein C. butyricum 
 Thioredoxin C. butyricum 
 Trigger factor C. butyricum 
Energy 
metabolism Desulfoferrodoxin C. butyricum 
 
Electron transfer flavoprotein 
subunit alpha C. acetobutylicum 
 
Electron transfer flavoprotein 
subunit beta C. butyricum 
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 Electron transfer subunit protein C. butyricum 
 Flavodoxin C. butyricum 
 
Fmn/NADPH-binding 




protein C. beijerinckii 
 
Pyruvate-flavodoxin 
oxidoreductase C. butyricum 
 
Pyruvate-flavodoxin 
oxidoreductase C. butyricum 
 Rubrerythrin C. butyricum 
 Rubrerythrin C. butyricum 
Miscellaneous ATP synthase subunit beta C. acetobutylicum 
 DNA-binding protein HU C. butyricum 
 
DNA-directed RNA polymerase 
subunit beta C. acetobutylicum 
 
FAD/FMN-containing 
dehydrogenase C. butyricum 
 Muramidase C. butyricum 
 Protein ThiJ C. butyricum 
Cell motility 
Chemotaxis signal receiving 
protein CheY C. acetobutylicum 
 Flagellin C. butyricum 
 Flagellin protein FlaA C. intestinale 
Cell cycle Regulatory protein C. butyricum 
 Spo0A protein C. beijerinckii 
Uncharacterized 
protein Uncharacterized protein C. acetobutylicum 
*Indicates the corresponding protein database of the organism, which matches 
with the peptide sequences detected 
 
Within the carbohydrate metabolism category, two hydrolytic enzymes 
– α-amylase and glycosyl hydrolase family 32 – were found.  The former is 
capable of hydrolyzing 1,4-α glucosidic linkages in oligo- and poly-
saccharides (such as starch and glycogen); while the latter contains a wide 
range of enzymes capable of hydrolyzing polysaccharides (e.g., invertase that 
hydrolyzes the terminal β-fructofuranoside residues in sucrose).  An additional 
experiment was conducted to assess the capability of culture BX3 in utilizing 
starch.  In the control setup (without the addition of starch), negligible activity 
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was observed and only 0.5 g/L butyric acid was generated (see Fig. 5.5a).  The 
slight acid production could be due to the fermentation of residual sugar 
introduced from the inoculum.  When 10 g/L starch was supplemented, 
3.5 g/L butyric acid was observed by Day 2 (see Fig. 5.5b), indicating the 
presence of working amylase that can hydrolyze starch into fermentable 
glucose.  Thus, apart from utilizing xylan, culture BX3 has amylolytic 
properties as well, with future applications in converting starch-rich materials 
(such as food waste) into butyric acid and other value-added products. 
 
 
Figure 5.5: Fermentation profiles of the pure culture BX3 when grown in 
5 g/L yeast extract (a) without starch, and (b) with 10 g/L starch. 
 
Within the specific sugar metabolism category, there were other 
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enzymes related to hemicellulosic sugars identified, such as arabinose 
isomerase, phosphomannomutase, galactose mutarotase, galactose-6-
phosphate isomerase and glucuronate isomerase.  As xylan (with > 90% 
xylose residues) was used as the carbon source in this experiment, there may 
be a need for the organism to produce these varied enzymes to remove the 
available side groups or substituents, thereby assisting in a more thorough 
breakdown and utilization of the substrate. 
 
Following the deconstruction of xylan, liberated xylose units will be 
taken up by the fermenting microorganism and shuttled into different 
pathways to be converted into the various products.  In this study, several 
xylose-related proteins were identified: sugar ABC transporter substrate-
binding protein (a xylose-binding transport system), xylose isomerase, fucose 
isomerase (also functions as xylose isomerase), and ATPase (acts as 
xylulokinase in the pentose phosphate pathway).  It was highly possible that 
xylose was metabolized into xylulose (catalyzed by the xylose isomerase), 
which was then phophorylated to xylulose-5P by xylulokinase.  The latter will 
subsequently be further catabolized via the pentose phosphate pathway and the 
Embden-Meyerhof-Parnas (EMP) pathway (Aristidou, 2007). 
 
Since butyric acid is the target product of this study, key enzymes 
within the butanoate metabolism responsible for the generation of butyric acid 
were also detected, which include formate acetyl transferase, acetyl-CoA 
acetyltransferase, 3-hydroxybutyryl-CoA dehydrogenase, acyl-CoA 
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Figure 5.6: KEGG pathway map for butanoate metabolism. Nodes with 
asterisks represent the set of proteins of interest inputted into the mapper. 
 
The mass spectrometric results therefore show the capability BX3 to 
utilize the pentose sugar in generating butyric acid.  Interestingly, the mass 
spectrometric search results did not hit any xylanases as such, which could 
indicate the possibility of some novel xylanases within the BX3, since almost 
50% of the spectral data remained to be assigned to particular proteins.  
Identification and expression characterization studies of the BX3 xylanases 
will be done in the future along with the bacterial genome sequencing work.  
Such studies would help obtain quantitative expressions and regulations of 
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both cytoplasmic proteome and secretome of culture BX3 in response to 
diverse organic substrates. 
 
5.5 Conclusions 
It was initially established that the supernatant of the culture could be 
used to gauge its xylanase activity, as many microorganisms secrete those 
enzymes extracellularly.  Several enzyme purification methods were carried 
out to separate proteins based on properties such as dielectric constant (solvent 
extraction), ionic strength (salting out with ammonium sulphate), polarity 
(ion-exchange chromatography) and size (size exclusion chromatography).  
Multiple bands were observed from the treated samples in the SDS-PAGE, 
indicating the possibility of multiple xylanases present, which explains the 
challenges faced in the purification step. 
 
The mass spectrometric study results helped to shed some light on the 
ability of culture BX3 in utilizing xylan to produce butyric acid.  Since the 
search results did not match the xylanases found in other organisms used for 
the database, it is possible that culture BX3 produces novel xylanases as 
almost 50% of the spectral data remained to be identified.  Nevertheless, the 
xylanolytic properties of this culture are still worthwhile, especially when 
applied to the bioconversion of xylan to other value-added products such as 
butanol. 
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CHAPTER 6 
ISOLATION AND CHARACTERIZATION OF 




The growth of the petrochemical industry had caused the decline of 
acetone-butanol-ethanol (ABE) fermentation.  However, there was renewed 
interest in the ABE fermentation due to the diminishing supply of fossil fuels 
coupled with their polluting nature.  Butanol is a promising chemical and fuel, 
and to meet the increasing demand, more attention has to be channeled for its 
bioproduction using Clostridium.  In this study, a Clostridium sp. strain S2 
(capable of producing butanol from the fermentation of simple sugars under 
mesophilic condition) was obtained from the enrichment of spent mushroom 
substrate.  Spent mushroom substrate is a by-product of mushroom cultivation 
that typically includes straw, animal manure, gypsum and saw dust.  After the 
harvesting of the mushrooms, the mushroom substrate is considered “spent” 
and is often discarded and treated as waste. 
 
The metabolic pathway of solventogenic Clostridium is partitioned 
into two successive phases: acidogenesis and solventogenesis.  During the 
former phase, acetic and butyric acids are generated alongside ATP, which is 
used to support the rapid growth of the bacteria.  As the pH drops (due to the 
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accumulation of the acids), the latter phase would be triggered, reassimilating 
the acids to produce ethanol and butanol, bringing up the pH (Jones & Woods, 
1986).  Hence, pH monitoring throughout the fermentation process is crucial 




• A pure culture S2 was isolated from spent mushroom substrate, capable of 
producing butanol (up to 9.9 g/L) from simple sugars (i.e., glucose and 
xylose), but not from xylan. 
• Butanol production from both simple sugars was enhanced through the 
addition of pH buffer MES and precursor sodium butyrate. 
 
6.3 Materials and Methods 
6.3.1 Screening for butanol-producing strains 
The spent mushroom substrate samples were stored in the anaerobic 
chamber before being inoculated and cultivated in 60-mL serum bottles 
containing 40 mL defined medium, as described by He et al. (2003).  The 
medium was supplemented with 30 g/L glucose and 5 g/L yeast extract, and 
adjusted to an initial pH of 6.0.  The culture was then diluted and spread onto 
plates containing 30 g/L glucose and 15 g/L agarose in the aforementioned 
defined medium, incubated in the anaerobic chamber at 37°C for 48 hours.  
The potential bacterial colonies obtained were inoculated in 60-mL serum 
bottles containing 40-mL medium with 30 g/L glucose and 5 g/L yeast extract, 
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before determining their butanol-forming capabilities.  Cultures grown in the 
bottles were incubated in an orbital shaker at 125 rpm at 37°C. 
 
The isolate with the highest butanol production was genetically 
characterized using 16S rRNA gene sequence.  Genomic DNA of the cells was 
extracted using the DNeasy Tissue Kit (Qiagen, GmbH, Germany), and the 
16S rRNA gene was amplified with a pair of universal primers 8-F (5’-AGA 
GTT TGA TCC TGG-3’) and 1541-R (5’-AAG GAG GTG ATC CAG CC-3’) 
(Löffler et al., 2000).  The genes were sequenced at 1st BASE Pte. Ltd. and 
aligned to the sequences within the 16S rRNA sequence database using the 
Basic Local Alignment Search Tool (BLAST).  The aligned sequences were 
then used to draw the desired phylogenetic tree using the neighbor-joining 
method in the MEGA 5.02 (www.megasoftware.net) program.  The purity of 
the culture was further verified through microscopy. 
 
6.3.2 Optimization of butanol production 
Higher glucose and xylose concentration of 60 g/L were used as the 
carbon sources for the different setups, alongside 5 g/L yeast extract in the 
aforementioned defined medium (without pH control).  In order to evaluate 
the effects on butanol production, the following compounds were incorporated 
into the medium in selected setups at varying concentrations: (i) MES 
(0-100 mM); and (ii) sodium butyrate (0-50 mM). 
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6.3.3 Fermentation product analyses 
The fermentative gas generated was measured and released regularly 
using disposable syringes.  Culture supernatants (after centrifuging at 14000 
rpm for 15 min) were used for the identification and quantification of the 
products formed.  Five-points calibration curves were obtained using 
standards comprised of volatile fatty acids (i.e., acetic, propionic, and butyric) 
and solvents (i.e., acetone, ethanol and butanol).  These compounds were 
analyzed by gas chromatography (Agilent 7890A GC; Agilent Technologies, 
USA) as described in Section 3.3.2. 
 
6.4 Results & Discussion 
6.4.1 Obtaining butanol-producing culture S2 
The mixed culture obtained from the spent mushroom substrate was 
diluted and spread onto plates containing 30 g/L glucose.  Colonies were 
incubated for 48 hours in the anaerobic chamber (Fig. 6.1). 
 
	   84	  
 
Figure 6.1: Colonies grown on the agar plate with glucose as a carbon source. 
 
A total of 20 potential bacterial colonies were inoculated in 60-mL 
serum bottles containing 40-mL medium and 30 g/L glucose.  Fermentation 
gas was formed from all the setups, indicating successful inoculation and 
growth from the colonies picked.  The culture with the highest butanol 
production was designated culture S2, and the 16S rRNA gene sequence 
























ATGTCTAGGG”.  The sequence of 16S rRNA genes exhibited 96% sequence 
identity with that of Clostridium beijerinckii strain JCM 8024 (Fig. 6.2). 
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Figure 6.2: Phylogenetic tree of culture S2 and other closely related 
Clostridium using the neighbor-joining method (MEGA 5.02) based on 16S 
rRNA gene sequences. 
 
The ability of culture S2 to generate butanol from simple sugars was 
investigated.  Figs. 6.3a and b show the production of various solvents and 
acids when culture S2 was grown in 60 g/L glucose and xylose, respectively.  
Butanol concentrations of 0.56 and 0.26 g/L were detected in those setups, 
achieving the targeted product (without the addition of enhancers).   Other 
fermentation products formed include acetone, ethanol, acetic acid and butyric 
acid.  Though butanol could be generated from xylose under acidic conditions, 
the production of butanol from xylan was not observed for this culture (data 
not shown). 
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Figure 6.3: Profiles of fermentation products when culture S2 was grown in 
(a) 60 g/L glucose, and (b) 60 g/L xylose. 
 
6.4.2 Optimization of butanol production by MES addition 
The pH plays an important role in butanol formation.  It has been 
reported that solventogenesis phase will only be induced when the pH drops to 
4.5-5 (Jones & Woods, 1986).  On the other hand, an over-acidic condition 
would cause an “acid crash phenomenon” (excess acid accumulation) that 
prevents solvent production (Wang et al., 2011).  Hence, the use of strong 
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buffering system for the fermentation broth would remedy this phenomenon 
and could further promote butanol generation by the culture.  MES was the 
buffer of choice due to its effective buffering range of 5.5-6.7 with pKa of 
6.10.  Here, MES concentrations of 0 to 100 mM were tested in both glucose 
and xylose setups to assess its effectiveness in providing stronger buffering 
capacity for higher butanol production. 
 
The comparison of butanol production from the fermentation of 
glucose is shown in Fig. 6.4, where the presence of MES could clearly 
improve the concentration of the target product (as compared to the control 
without MES addition).  The highest butanol accumulation (6.4 g/L) was seen 
for the setup with 20 mM MES, which was significantly higher (~8.6-fold) 
than that of the control (0.74 g/L).  However, as the concentration of MES 
increase, the butanol production dropped.  This could be due to the drop of pH 
values caused by the addition of MES into the fermentation broth.  In the 
control, the initial pH was around 6.0, whereas the setup with 100 mM MES 
had an initial pH of 4.9.  The lower initial pHs of the setups with MES could 
negatively affect the growth of culture S2, which in turn caused the reduction 
of butanol production. 
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Figure 6.4: Comparison of butanol production from the fermentation of 
glucose with various concentrations of MES. 
 
MES concentration of 20 mM was thus chosen for subsequent 
experimental setups supplemented with glucose.  The fermentation profile of 
culture S2 when subcultured into a new setup containing glucose and 20 mM 
MES is shown in Fig. 6.5, where butanol concentration could be seen to 
increase over time with the corresponding drop in butyric acid formation, 
demonstrating the solventogenesis taking place.  In contrast with the setup 
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Figure 6.5: Profiles of fermentation products when culture S2 was grown in 
medium containing 60 g/L glucose and 20 mM of MES. 
 
Similar experiments were also conducted on culture S2 using xylose as 
the carbon source.  Butanol production was seen to be inferior as compared to 
the glucose setup, since it was known that Clostridium could not utilize xylose 
as readily as glucose.  Nevertheless, the target product seemed to also be 
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Figure 6.6: Comparison of butanol production from the fermentation of xylose 
with various concentrations of MES. 
 
A linear relationship could be observed between butanol and MES 
concentrations, which was different compared to the trend seen in the glucose 
setups.  When xylose was used as the substrate, butyric acid was detected to 
be accumulating over time (higher than that in glucose setups).  Therefore, 
additional MES provides stronger buffering capacity for the higher 
concentrations of accumulated acids, allowing more butanol to be generated.  
In the setup with 100 mM MES, butanol concentration of 1.5 g/L was 
achieved, ~5.5-fold higher than the 0.27 g/L detected in the control (without 
MES).  Fig. 6.7 shows the fermentation profile of culture S2 when subcultured 
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Figure 6.7: Profiles of fermentation products when culture S2 was grown in 
medium containing 60 g/L xylose and 100 mM of MES. 
 
6.4.3 Optimization of butanol production by sodium butyrate addition 
Butyrate has been reported to improve butanol production by 
Clostridia (Zhang et al., 2009).  The solventogenic phase is a detoxification 
strategy where the accumulated acids (unfavorable for bacterial growth) will 
be reassimiliated leading to an increase in pH (Jones & Woods, 1986).  In this 
experiment, sodium butyrate of varying concentrations (0-50 mM) were used 
to investigate its effect on butanol formation by culture S2 in both glucose and 
xylose setups. 
 
When glucose was used as the substrate, the added sodium butyrate 
was shown to improve butanol production (Fig. 6.8).  In the control setup 
(without exogenous butyrate), 5.0 g/L butanol was generated, whereas 9.9 g/L 
butanol could be detected in the bottles with 50 mM sodium butyrate.  Since 
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solventogenesis for the reassimiliation of the acid to prevent further drop in 
the pH of the fermentation broth.  It was also observed that the final pH of the 
setup with 50 mM sodium butyrate was around 5.7, while that of the control 
was around 4.7.  This could be attributed to the buffering effects of the 
butyrate added with the butyric acid present in the fermentation broth (as 
butyric acid has a pKa value of 4.8). 
 
 
Figure 6.8: Comparison of butanol production from the fermentation of 
glucose with various concentrations of sodium butyrate. 
 
In general, the ratio of acetone:butanol:ethanol for ABE fermentation 
by Clostridium is approximately 3:6:1, in which butanol constitutes around 
60% of the total solvents formed.  In the control setup, the proportion of 
butanol was 60.4%, which increased to 72.4% when 50 mM sodium butyrate 
was supplemented.  The trend of increasing butanol fraction (over other 
solvents) with increasing concentration of sodium butyrate added could also 
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concentration, the addition of sodium butyrate had also boosted the 
preferential formation of butanol over the other solvents. 
 
In the setups containing xylose, however, the effects of added sodium 
butyrate are more erratic (Fig. 6.9).  The highest butanol production was seen 
when 30 mM sodium butyrate was added, yielding 3.6 g/L target product as 
compared to the control (2.6 g/L).  Similar to the experiment on MES, butyric 
acid was observed to be accumulating over time in these setups, suggesting the 
lower effectiveness of solventogenesis when culture S2 was fed with xylose, 
resulting in lower degree of acids reassimilation to generate solvents. 
 
 
Figure 6.9: Comparison of butanol production from the fermentation of xylose 
with various concentrations of sodium butyrate. 
 
Despite the lower concentrations of butanol formed from xylose (as 
compared to glucose), the percentages of butanol generated (of total ABE) 
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ethanol.  This is ideal, since acetone and ethanol are considered by-products of 
this fermentation.  In the control setup, the butanol proportion was 74.4%, 
which increased to 81.2% measured in the setup with 30 mM sodium butyrate. 
 
Having studied the effects of MES and sodium butyrate on butanol 
production, the performance of culture S2 was compared to other 
solventogenic Clostridium using simple sugars (Table 6.1).  As shown, there is 
room for further improvement in terms of butanol production by culture S2.  
Strategies such as augmenting inoculum size to increase initial cell density or 
step-wise addition of carbon sources to reduce osmotic pressure could be 
experimented on future batches of culture S2. 
 
Table 6.1: Summary of butanol production by wild-type Clostridium strains 
from simple sugars 






C. acetobutylicum strain 260 60 g/L glucose 13.4 Ezeji & 
Blaschek, 
2008 
C. acetobutylicum strain 824 60 g/L glucose 13.4 Ezeji & 
Blaschek, 
2008 
C. butylicum strain NRLL 592 60 g/L glucose 13.4 Ezeji & 
Blaschek, 
2008 
C. butyricum strain BOH3 60 g/L glucose 14.5 Xin et al., 
2014 
C. saccharobutylicum strain 
262 
60 g/L glucose 10.9 Ezeji & 
Blaschek, 
2008 
C. beijerinckii strain S2 60 g/L glucose 9.9 This study 
C. acetobutylicum strain 260 60 g/L xylose 7.3 Ezeji & 
Blaschek, 
2008 
C. acetobutylicum strain 824 60 g/L xylose 9.6 Ezeji & 
Blaschek, 
2008 
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C. butylicum strain NRLL 592 60 g/L xylose 4.1 Ezeji & 
Blaschek, 
2008 
C. butyricum strain BOH3 60 g/L xylose 14.9 Xin et al., 
2014 
C. saccharobutylicum strain 
262 
60 g/L xylose 7.1 Ezeji & 
Blaschek, 
2008 
C. beijerinckii strain S2 60 g/L xylose 3.6 This study 
 
6.5 Conclusions 
In this study, a new mesophilic Clostridium sp. strain S2 was isolated, 
which shares 97% sequence identity with that of Clostridium beijerinckii 
NCIMB 8052.  Culture S2 has the capability of fermenting glucose and xylose 
into butanol, though the alcohol production from pentose is lower.  The 
butanol production was further enhanced with the addition of MES and 
sodium butyrate.  pH plays an important role in the process, triggering the 
onset of solventogenesis from acidogenesis.  MES acts as a buffer that helps to 
prevent the acid crash phenomenon and maintains the pH level suitable for 
butanol production.  On the other hand, sodium butyrate is a precursor for the 
alcohol production and it has buffering capacity.  Having better understanding 
of its butanol production capability, culture S2 has further potential in 
generating the target product from more complex substrate, such as xylan, 
through the development of proper coculture systems for the breakdown of the 
carbon source and conversion of the metabolites into butanol. 
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CHAPTER 7 
A COCULTURE CONTAINING BX3 AND S2 





Xylan is a good candidate of raw material for the production of liquid 
fuels and platform chemicals.  The main challenge, however, is the high cost 
of hydrolysis into fermentable sugars.  Hence, it is important to employ strains 
capable of utilizing this substrate without the need of expensive external 
enzymes to generate products of interest.  The butyric acid-producing 
capability of culture BX3 was further tested through modifications of different 
medium components in order to attain higher concentrations of the product.  
After which, a coculture system was developed, where culture BX3 was 
coupled with the solventogenic culture S2 with the aim of generating butanol 
from xylan. 
 
Though the use of single microbial strain in bioprocesses could ensure 
more sterile cultivation and control over the growth and product formation, 
coculture operations can also offer certain benefits owing to the synergistic 
interactions of the strains deployed (as seen in the various biotransformations 
present in nature).  Coculture is defined by the utilization and metabolization 
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of substrates through integrated metabolic activities of specified microbial 
strains under aseptic conditions (this is often contrasted with mixed cultures, 
where unspecified microorganisms are present under septic conditions).  
Bioprocessing strategies involving coculture fermentations may therefore 
result in higher yield of products and utilization of more complex substrates 
(Bader et al., 2010). 
 
7.2 Highlights 
• The impact of different fermentation components on butyric acid 
production using culture BX3 was studied, where substrate concentration 
was shown to play an important role in product improvement. 
• Suitable fermentation conditions for culture BX3 for enhanced butyric acid 
formation (up to 3.0 g/L) were derived, in line with the subsequent 
coculture study. 
• The coculture system developed using cultures BX3 and S2 was successful 
in producing butanol (0.78 g/L) from xylan, demonstrating the synergistic 
relationship of both cultures. 
 
7.3 Materials and Methods 
7.3.1 Optimization of butyric acid production 
The aim of the optimization study was to improve butyric acid 
generation through the fermentation operations.  Parameters like medium pH, 
xylan concentration, yeast extract amendment and inoculum size were tested 
at different concentrations to evaluate their impact on the desired fermentation 
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product.  To adopt a systematic approach towards the optimization study, the 
parameters were modified at two different levels [High (H) and Low (L)] as 
follows: (i) pH – 7.0 (H) and 6.0 (L); (ii) xylan concentration – 30 g/L (H) and 
10 g/L (L); (iii) yeast extract concentration – 5 g/L (H) and 0 g/L (L); and (iv) 
inoculum size – 10% v/v (H) and 2% v/v (L).  The optimized conditions were 
then used for butyric acid production using culture BX3 to set up the 
subsequent coculture experiments for butanol production. 
 
7.3.2 Coculture setup for butanol production from xylan 
The objective of this part of the study was to utilize the butyric acid 
generated (from xylan degradation using culture BX3) to produce butanol by 
adding a solventogenic Clostridium sp. strain S2 into the fermentation mix.  
To set-up the experiments, culture BX3 was first inoculated in 40 ml of the 
optimized medium (consisting of 30 g/L xylan in the same basal medium 
without yeast extract, using 10% v/v inoculum size) in 60-ml serum bottles.  
After 6 days of incubation, the BX3 culture bottles were fed with 10% v/v 
inocula of culture S2 and 5 g/L yeast extract.  The S2 inoculum added was 
grown separately in the anaerobic fermentation medium consisting of 60 g/L 
glucose with 5 g/L yeast extract and 2.64 g/L (30 mM) sodium butyrate 
enhancer for 24 hours before being centrifuged and washed in the mineral 
salts medium (without carbon sources).  The initial pH was set at 6.0 and 
subsequently maintained near 5.5. 
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7.3.3 Fermentation product analyses 
The fermentative gas generated was measured and released regularly 
using disposable syringes.  Culture supernatants (after centrifugation at 14000 
rpm for 15 min) were used for the identification and quantification of the 
products formed.  Five-points calibration curves were obtained using 
standards comprised of volatile fatty acids (i.e., acetic, propionic, and butyric) 
and solvents (i.e., acetone, ethanol and butanol).  These compounds were 
analyzed by gas chromatography (Agilent 7890A GC; Agilent Technologies, 
USA) as described in Section 3.3.2. 
 
7.4 Results & Discussion 
7.4.1 Optimization of butyric acid production 
 The objective of this section was to derive fermentation conditions 
conducive for enhanced butyric acid production.  Here, four different 
fermentation parameters including the medium pH, substrate concentration, 
yeast extract amendment and inoculum size were examined.  Since many of 
the acidogenic Clostridium strains grow well at pH around 6.0 to 6.5 (Huang 
et al., 2011; He et al., 2005), optimization studies were carried out within the 
range of 6.0-7.0.  The effects of other factors, e.g., the concentrations of salts, 
trace elements and vitamins were not considered here since they had been 
previously optimized for anaerobic cultures (He et al., 2003).  All experiments 
were carried out at 37°C since the culture BX3 is a mesophilic strain. 
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The four chosen parameters were tested at two different levels (High 
and Low) to estimate their (positive/negative) impact on the target product 
output.  The influence of the aforementioned individual parameters is shown 
in Fig. 7.1, where only the substrate concentration was found to significantly 
impact the butyric acid levels.  Interestingly, other factors within their 
experimental ranges did not show any notable change in the target product 
concentrations, except for marginal improvement in the case of higher 
inoculum size.  The addition of yeast extract may not necessarily guarantee the 
improvement of product generation.  In the study of Zhang et al. (2014), it was 
observed that both hydrogen and ethanol productions decrease when high 
concentrations of yeast extract were supplemented.  The slight enhancement 
using higher inoculum size could be due to the additional metabolites 
introduced into the new setup.  The fact that a lower pH (6.0) had no 
significant impact on butyric acid concentrations (probably due to the close 
proximity to pH 7.0) demonstrated the advantage of the culture BX3 for 
setting up subsequent coculture experiments where a lower pH might be 
favorable. 
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Figure 7.1: Influence of different parameters on butyric acid production by 
culture BX3. 
 
Hence, based on the results obtained in this study, the optimized 
medium for the coculture setup were determined to consist of 30 g/L xylan in 
the defined medium (with an initial pH of 6.0) without yeast extract addition 
and using 10% v/v inoculum size.  The fermentation profile for culture BX3 
under the optimized conditions is shown in Fig. 7.2, where a maximum of 
butyric acid concentration of 3.0 g/L could be achieved on Day 5.  This 
butyric acid concentration was higher than the target value set at 2.64 g/L, 
which corresponded to the 30 mM butyrate shown to improve butanol 
production of culture S2 fed with xylose (Fig. 6.9).  The slight butyric acid 
increase from Day 4 to 5 could be due to the batch fermentation process 
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Figure 7.2: Fermentation profile of culture BX3 grown in the optimized 
medium: (i) pH 6.0; (ii) 30 g/L xylan; (iii) no yeast extract; and (iv) 10% v/v 
inoculum size. 
 
 Reducing sugar was observed on Day 1 (at 2.1 g/L), which further 
increased to reach 3.5 g/L on Day 2 of the experiment.  This indicated the net 
release (versus assimilation) of fermentable sugars from xylan in the initial 
stage.  The sugar production gradually dropped while the other fermentation 
products were formed, with a final accumulation of 0.8 g/L.  The maximum 
concentration of reducing sugar attained in this experimental setup is more 
than threefold higher than that obtained when 10 g/L xylan was used as the 
substrate (0.9 g/L; see Fig. 4.6a).  This could be attributed to the better 
enzyme-to-substrate ratio when higher inoculum size was used. 
 
Table 7.1 shows a summary of butyric acid generated from 
Clostridium fermentation of different carbon sources.  Simple sugars (or 
enzyme-treated hydrolysate) are often supplemented with nitrogenous sources 
(e.g., yeast extract, peptone) in those studies, and these sugars are more easily 
	   104	  
utilized and converted.  On the other hand, it has been established that yeast 
extract was not necessary for culture BX3.  Comparing the three studies on 
xylan, culture BX3 has the highest butyrate yield.  Since higher concentrations 
of butyric acid could be generated when grown in simple sugars as compared 
to xylan, product inhibition was very unlikely.  Therefore, the butyrate 
concentration could increase further if higher concentration of substrate was 
used.  The butyric acid yields obtained through the optimized process seemed 
promising as compared to those from other studies. 
 
Table 7.1: Summary of butyric acid production by wild-type Clostridium 
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3.0 10.0 This study 
 
7.4.2 Coculture study for butanol generation from xylan 
The aim of this study was to determine the potential applications of 
culture BX3 for biobutanol production from xylan.  The butyric acid obtained 
from xylan fermentation using culture BX3 could be utilized through 
coculturing with other solventogenic Clostridium strains that cannot directly 
convert the substrate into butanol.  Here, the solventogenic Clostridium sp. 
strain S2 was chosen for this coculture experiment, since this culture could 
generate butanol from simple sugars under acidic conditions (pH 5.5 to 6.0), 
but not from xylan. 
 
Since culture BX3 could produce butyric acid at levels more than 
2.64 g/L by Day 5 under the optimized fermentation conditions (Fig. 7.2), the 
need for exogenous sodium butyrate enhancer for the culture S2 growth could 
be eliminated.  In this coculture setup, strain S2 was inoculated alongside 
yeast extract on Day 6 to the experimental bottles, a point where the desired 
value of accumulated butyric acid was met.  The target product (butanol) was 
observed at 0.78 g/L on the following day after the inoculation point 
(Fig. 7.3), suggesting favorable conditions were achieved for immediate 
solventogenesis to occur.   
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Figure 7.3: Fermentation profile of culture BX3 fed with 30 g/L xylan, 
followed by the addition of culture S2 and 5 g/L yeast extract. The arrow 
indicates the inoculation point. 
 
The performance of the S2 culture (in terms of butanol productivity) 
was found comparable (i.e., 67%) to that obtained from setups using higher 
concentration of simple sugars like xylose (60 g/L) (Fig. 7.4).   
 
 
Figure 7.4: Comparison of butanol productivities of culture S2 when grown in 
60 g/L xylose and in the coculture fed with xylan. 
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Though butanol was successfully generated from the synergistic 
actions of both cultures, there is room for improvement.  Other coculture 
fermentation parameters could be tested, particularly the time of inoculation of 
the second culture.  For instance, the two cultures could be inoculated 
concurrently (both at Day 0) and this may also help shorten the overall 
fermentation time.  In addition, culture BX3 could be paired with other known 
superior solvent-producing and non-xylanolytic strains that can better convert 
reducing sugars and butyrate into butanol. 
 
These results from this experiment indicate that culture BX3 could be 
employed for biobutanol production using any other solventogenic bacteria 
unable to utilize xylan directly.  The fact that the culture BX3 could produce 
essential metabolites (including sugars and enhancers like butyric acid) shows 
its tremendous potential for designing cost-effective biobutanol production 
strategies.  Furthermore, the prospect of integrated bioprocess through 
combining the enzyme production, hydrolysis and fermentation in a single 




Enhanced butyric acid concentration could be achieved in the 
optimized medium for culture BX3, when higher substrate concentration was 
used.  The product generation was not dependent on the addition of yeast 
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extract, which could further reduce the starting material cost of the operation.  
Furthermore, butyric acid concentration was not affected when a lower pH 
(6.0) was used, suggesting possible compatible fermentation conditions with 
culture S2.  Under the optimized medium, maximum concentration of 
reducing sugar at 3.5 g/L could be obtained.  Furthermore, 3.0 g/L butyric acid 
(from 30 g/L xylan) was achieved on Day 5 of the fermentation, higher than 
the target value set at 2.64 g/L (30 mM). 
 
Interactions between the microbial strains in a coculture play a critical 
role for product generation.  As seen in this study, culture S2 could 
immediately utilize the metabolites generated from xylanolytic culture BX3 to 
initiate solventogenesis for the production of butanol, where 0.78 g/L could be 
detected.  Therefore, such coculture strategies offer the potential for integrated 
bioprocessing within a single bioreactor for the conversion of the complex 
xylan into value-added products. 
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CHAPTER 8 





The efficient conversion of hemicellulose into value-added products 
through enzymatic and fermentation processes will lead to the practical use of 
a wide variety of currently unutilized and underutilized organic wastes.  In this 
study, two interesting cultures were isolated, characterized and subsequently 
employed in a coculture setup for the production of butanol from xylan (the 
most common hemicellulose).  The key results and conclusions obtained in 
this study are summarized below: 
 
a) The use of hemicellulose as starting material to meet butyric acid 
demand is favorable.  At present, there are limited studies on the 
bioproduction of butyric acid from xylan (as most were based on the 
fermentation of simple sugars).  In this study, a xylanolytic mixed culture 
AH3 was obtained that can utilize 5-carbon sugars to generate high 
concentrations of butyric acid (1.5 g/L from 10 g/L xylan).  When fed with 
xylose, culture AH3 has butyric acid yield 1.5-fold higher than another 
reported study (Jiang et al., 2008).  This mixed culture may contain isolates of 
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interest, and thus, further isolation and characterization studies were 
conducted. 
 
b) Pure culture BX3 was obtained via agar plate method from the 
mixed culture AH3, which has 95% similarity to Clostridium pascui strain 
DSM 10365, indicating that this could be a newly isolated Clostridium strain.  
Culture BX3 produces 1.1 g/L butyric acid from 10 g/L xylan (without the 
need for external enzymes), and yeast extract did not improve the product 
generation, which is desirable.  Apart from its xylan-degrading properties, this 
culture could also generate reducing sugars at 1.0 g/L from 10 g/L xylan 
(mostly xylobiose); and accumulation of xylooligosaccharides is rarely 
reported for microbial-based hydrolysis.  Due to the wide applications of these 
valuable intermediate products and that culture BX3 does not require 
expensive external enzymes and yeast extract, this culture shows potential to 
lower operational costs of the bioprocess when employed industrially. 
 
c) Due to the wide industrial applications of xylanolytic enzymes, there 
is high demand for their economic production.  Thus, the search for novel 
organisms and enzymes using cheaper starting materials would greatly 
facilitate this goal.  The SDS-PAGE demonstrated that multiple xylanases 
could be present in culture BX3.  This is further corroborated by the mass 
spectrometric study where some carbohydrate-utilizing enzymes were found, 
along with those responsible for the production of butyric acid.  There is also 
high probability that novel xylanases could be present from this culture since 
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~50% of the mass spectrometric data remained undetermined.  At present, 
there is no available report on xylanase production from C. pascui (closest 
relative of culture BX3), which could indicate a new discovery for this 
species. 
 
d) Butanol production through ABE fermentation process often suffers 
from low concentrations, arising from solvent toxicity and formation of 
byproducts.  In this study, another interesting Clostridium sp. strain S2 was 
also isolated, which shares 97% sequence identity with that of Clostridium 
beijerinckii NCIMB 8052.  Culture S2 is capable of producing butanol from 
the fermentation of glucose and xylose, but not xylan.  Its butanol production 
was further improved through the addition of MES and sodium butyrate, 
where up to 9.9 and 3.6 g/L butanol was observed when grown in glucose and 
xylose, respectively, comparable to other studies.  The typical proportion of 
butanol in the ABE fermentation is 60% of the total solvents formed.  Culture 
S2 generates up to 81% butanol, which is promising considering that both 
acetone and ethanol are byproducts of this process. 
 
e) Many studies on butyric acid and butanol production reported used 
simple sugars as the carbon source, though it has been established that 
utilizing lignocellulosic materials would be a better option.  Under optimized 
medium conditions, culture BX3 could generate 3.0 g/L butyric acid and 
3.5 g/L reducing sugar from the fermentation of xylan without the need of 
external nitrogen sources as compared to other studies.  This medium was later 
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found to be compatible with the fermentation conditions of culture S2.  The 
coculture of BX3 and S2 generates 0.78 g/L butanol from xylan, indicating 
preferable conditions for the solventogenesis to occur.  This result shows the 
synergistic interactions of both newly isolated cultures.  This offers the 
potential of developing industrial integrated bioprocessing within a single 
bioreactor for the conversion of xylan into value-added products without the 
need of external enzymes, thereby further reducing the production costs. 
 
8.2 Recommendation for further work 
Cultures BX3 and S2 need to be further improved in order to be 
employed industrially for the production of butyric acid and butanol.  The 
bioproduction of these chemicals using lignocellulosic biomass as the raw 
material can come to fruition when more efforts are channeled to: (i) set up 
cost-effective pretreatment methods and lignin-removal; (ii) optimize 
hydrolysis of both hemicellulose and cellulose to generate fermentable sugars; 
(iii) develop robust microorganisms (with high product tolerance) to 
effectively utilize and convert the released sugars; and (iv) establish strategies 
for products recovery. 
 
Apart from xylan, more complicated substrates could be tested, such as 
dried leaves, which can be easily and cheaply obtained around the world, and 
they contain relatively high amounts of hemicellulose (Table 2.2).  Among the 
different pretreatment techniques available, the dilute acid method seems 
simpler and safer, and work can be done to extract fermentable sugars from 
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dried leaves.  However, inhibitory compounds (e.g., furfural and 5-
hydroxymethyl furfural) tend to form during such pretreatment, and ways to 
minimize and detoxify these inhibitors have to be addressed as well. 
 
Different modes and sizes of fermentation could also be tested.  Until 
now, the experiments were currently conducted in batch mode using 40-mL 
fermentation broth in 60-mL serum bottles.  Continuous culture in larger 
reactors could be studied to minimize the effects of lag phase, which in turn 
could improve the productivity of the culture.  For instance, gradual scaling up 
could be done using 100-mL broth volumes, subsequently to 1-L and so on in 
a fermenter/bioreactor.  The bioreactor allows passive temperature and pH 
regulation with parameters monitoring, and the process could be run in 
continuous mode.  Since the environment within the bioreactor is controlled, 
the product and biomass yields could reach the optima.  Fed-batch 
fermentation could also be employed to further boost the cell mass by 
reducing substrate inhibition.  Other strategies of increasing cell mass include 
immobilization or recycling of cells in the reactor, which could improve 
productivity and reduce reactor volume.  These processes could also be 
integrated with product separation (extractive fermentation) to minimize 
product inhibition and improve productivity (Yang et al., 2007). 
 
More advanced research work could also be considered to make 
cultures BX3 and S2 more versatile and robust.  It is not uncommon for the 
use of modern genetic and/or metabolic engineering to improve strains to 
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widen the substrate range, enhance product generation (in terms of 
concentration, yield and productivity), increase product tolerance and 
accumulation, and channel metabolic intermediate specifically toward 
products of interest over other byproducts (Aristidou, 2007).  For example, 
genes associated with butyric acid and butanol formation in cultures BX3 and 
S2 could be overexpressed, respectively, to enhance product formation.  On 
the other hand, genes associated with the formation of by-products (e.g., acetic 
acid, ethanol, acetone) could be disrupted to increase the ratio of desired 
products.  In addition, more detailed protein profiling through systems 
biotechnology could be conducted to identify target genes and pathways for 
culture manipulation. 
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